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ABSTRACT

Multiple sclerosis is a chronic inflammatory demyelinating disorder of the central nervous system that
eventually leads to progressive neurodegeneration and disability. Recent findings highlighted the
emerging role of each target of the endocannabinoid system in controlling the symptoms and disease
progression of multiple sclerosis. Therefore, multi-target modulators of the endocannabinoid system
could provide a more effective pharmacological strategy as compared to the single target modulation. In
this work, N-cycloheptyl-1,2-dihydro-5-bromo-1-(4-fluorobenzyl)-6-methyl-2-oxo-pyridine-3-
carboxamide (B2) was identified as the most promising compound with dual agonism at cannabinoid
receptors type-1 and cannabinoid receptors type-2 and good drug-like properties. In in vitro assays, B2
reduced glutamate release from rat synaptosomes through interaction with cannabinoid receptors type-
1 and modulated the production of the pro- and anti-inflammatory cytokines (interleukins IL-1p and IL-6
and interleukin IL-10 respectively) via cannabinoid receptors type-2 activation. Furthermore, B2
demonstrated antinociceptive effects in an animal model of neuropathic pain and efficacy in an exper-
imental autoimmune encephalomyelitis model of multiple sclerosis.

© 2020 Elsevier Masson SAS. All rights reserved.

1. Introduction

limit progressive neurodegeneration in animal models of multiple
sclerosis (MS) [12]. The ECS is a complex lipid signaling system

Over the past years, a great amount of preclinical studies high-
lighted that compounds targeting the endocannabinoid system
(ECS) exert anti-inflammatory, neuroprotective and immuno-
modulatory effects [1—11], allowing to alleviate symptoms and
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mainly composed of at least two G-protein coupled receptors,
cannabinoid receptors type-1 (CB1R) and type-2 (CB2R), and
endogenous bioactive lipids known as endocannabinoids (ECs),
from which the most abundant and well-studied are anandamide
(AEA) and 2-arachidonoylglycerol (2-AG). The biological activities
of these lipid mediators are terminated upon cellular re-uptake and
subsequent metabolism. The main metabolic enzymes of ECs are
fatty acid amide hydrolase (FAAH) that degrades AEA to arachidonic
acid (AA) and ethanolamine, and monoacylglycerol lipase (MAGL)
that degrades 2-AG to AA and glycerol [13]. The first evidence to
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support the involvement of the ECS in MS was obtained in the early
1990s’ from MS patients that frequently reported self-medication
with cannabis to alleviate MS symptoms, in particular pain and
muscle spasticity. The latter seems to be mostly mediated by CB1R
activation [14]. Besides direct receptor agonism (i.e. A9-THC), CB1R
activation can be achieved by elevation of endogenous ligands (i.e.
ECs) through inhibition of endocannabinoid cell reuptake [15], or
enzymatic degradation [16,17].

Endocannabinoids exert neuroprotective effects acting at mul-
tiple molecular sites, that are in all key cellular elements for the
control of neuronal survival (e.g., neurons, astrocytes, resting and
reactive microglia, oligodendrocytes) and also in key brain struc-
tures (e.g., blood—brain barrier, BBB) [18]. Cannabinoids can limit
excitotoxicity by acting on CB1R in neurons, reduce toxic influence
of reactive microgliosis by activation of CB2R in microglial cells, and
enhance the trophic and metabolic support to neurons by acti-
vating CB1R or CB2R in astroglial cells. In particular, CB1R-mediated
neuroprotection is associated to the reduction of glutamate release
which is a key mediator of neuronal and oligodendrocyte damage
in MS [19]. Indeed, oligodendrocyte excitotoxicity is ameliorated by
MAGL inhibitors via enhancing endogenous levels of 2-AG [20].

Additionally, several studies suggest that the ECS provides a
therapeutic target for treating microglial-derived neuro-
inflammation and that the ECS may regulate different aspects of
neuroinflammation, including the balance between pro- and anti-
inflammatory cytokines released by these cells [21]. Microglial
cells have a functional endocannabinoid signaling system and ex-
press CB1R, CB2R and the complete machinery of EC biosynthetic
and degrading enzymes. The protective role of CB2R activation in
microglial cells during neuroinflammation was demonstrated in
preclinical models of MS [22]. The AEA uptake inhibitor OMDM-2
exerted anti-inflammatory and neuroprotective effects in the
Theiler encephalomyelitis virus-induced demyelinating mouse
model of MS by counteracting neuroinflammation and reducing
microglial reactivity [23].

On the basis of what reported above, it is evident that modu-
lation of the ECS may offer a promising novel therapeutic strategy
to control of symptoms and disease progression in MS. Multi-target
modulators of the ECS can directly and indirectly modulate CB1R,
CB2R and other ECS targets via different mechanisms of action
[6,24—31]. These molecules can potentially provide an improved
therapeutic profile in terms of efficacy and side effects as compared
to single target modulators.

Previously, our group reported the synthesis and biological
evaluation of a series of compounds with general structure A (Fig. 1)
which exhibited interesting multi-target profiles within the ECS
[24]. In this work we developed a new class of compounds, B (Fig. 1,
Table 1), in which the aryl group at position 6 of A was substituted
by a methyl group. The modification of the general structure A was
based on the observation that the phenyl ring at position 6 of the
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best compound of the series A (compound B1 in ref. 24) was pre-
dicted to be placed into a pocket of CB2R occupied by the phenyl
ring of the antagonist AM10257, co-crystallized with CB2R (PDB
code 5ZTY). This was consistent with the inverse agonist activity on
CB2R observed for B1 [24]. However, agonist compounds co-
crystallized with CB1R with binding modes similar to AM10257
and B1 showed to leave the corresponding pocket unoccupied.
Based on these considerations, we envisioned that replacing the
phenyl ring at position 6 with a smaller substituent such as a
methyl group could let us obtain novel derivatives endowed with
CB1R and CB2R agonist activity.

The new compounds are characterized by the presence of a p-
fluorobenzyl moiety at the N-1 position of the 1,2-dihydro-2-oxo-
pyridine ring, a N-cycloheptyl carboxamide group at the 3-position
and different substituents at position 5 (R) that were chosen on the
basis of the best results obtained with the previous series
[24,25,32,33]. Furthermore, the cycloheptyl ring of the carbox-
amide group (R2) was also substituted with a N-piperidinyl moiety
or polyhydroxylated structures as carbohydrates. Carbohydrates
are involved in several biological processes and are therefore an
intense subject of investigation for the development of future
generation of drugs [34—36]. Furthermore, due to their poly-
hydroxylated nature, carbohydrates have also been employed just
as safe, biocompatible enhancers of the hydrophilic character of
otherwise water insoluble molecules [37].

Compounds B were evaluated for their binding affinities (K;
values) for both CB1R and CB2R. Subsequently, the compounds
with highest binding affinity to CBRs were investigated for their
functional activity with [3>S]GTPyS assays to identify the behaviour
as agonist, antagonist or inverse agonist for CBRs-induced G-pro-
tein-dependent signaling. All the synthesized compounds were
also tested on the other main targets of the ECS (MAGL, FAAH,
ABHD6 and ABHD12). From all these activities, we identified de-
rivative B2 (Table 1) as the most promising compound based on
potent activation of both CB1R and CB2R, moderate inhibition of
FAAH activity, and good drug-like properties. In functional assays,
B2 reduced depolarization-evoked glutamate release from rat
synaptosomes by activation of CB1R and modulated pro- and anti-
inflammatory cytokines production in activated mouse microglial
cells by activation of CB2R. Finally, B2 demonstrated its efficacy
in vivo by improving disease severity in the EAE mouse model of MS
and reducing pain in an acute model of oxaliplatin-induced
neuropathic pain.

2. Results and discussion

2.1. Chemistry

The synthesis of 1,2-dihydro-6-methyl-2-oxo-pyridine-3-
carboxamides derivatives of general structure B was achieved

Fig. 1. General structure of compounds A and B.
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through the synthetic pathway depicted in Schemes 1 and 2.

As described in Scheme 1, compound B1 was prepared starting
from the commercially available 2-hydroxy-6-methyl-nicotinic
acid that was treated with the coupling agent 2-[(1H-benzo-
triazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate]
(TBTU) in the presence of triethylamine at O °C for 30 min. After
that, cycloheptylamine was added and the reaction mixture was
stirring at 0 °C for 30 min and then at room temperature for 12 h to
give the desired carboxamide derivative 1. Compound 1 was firstly
treated with cesium carbonate in anhydrous DMF at room tem-
perature for 1 h, and then with p-fluorobenzyl chloride, affording
the desired N-alkylated derivative B1 together to the corresponding
O-substituted derivative C1 in according to previously reported
[24,25,32,33]. The two structural isomers were purified by flash
chromatography.

As reported in Scheme 1, the treatment of carboxamide 1 with a
solution of bromine in chloroform, afforded the corresponding
derivative 2 which was N- alkylated using the same two-steps
procedure described above, to give compound B2. The purifica-
tion of B2 by flash chromatography enabled us to obtain the cor-
responding O-alkylated compound C2 in according to previously
reported [24,25,32,33].

The synthesis of the halogen derivatives B3 and B4 was achieved
starting from the carboxamide 1 which was treated with N-chlor-
osuccinimide using acetonitrile as solvent, at room temperature, for
12 h to afford the corresponding 5-chloro derivative 3. In order to
obtain the 5-fluoro derivative 4, compound 1 was treated with 1-
chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane bis(tetra-
fluoroborate) at reflux acetonitrile for 12 h. The 5-halogenated-3-

fo ﬁ@
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carboxamides 3 and 4 were then alkylated using the same two-
step procedure already described, to give the N-alkylated com-
pounds B3 and B4.

Reagents and conditions: (i) 1) suitable amine, TBTU, Et3N,
DMF, 0 °C; 2) rt, 12 h; (ii) 1) Cs2C0Os3, anhydrous DMF, rt, 1 h; 2) p-
fluorobenzyl chloride, 25 °C, 12 h; (iii) Bry, CHCls, rt, 12 h; (iv) N-
chlorosuccinimide, CH3CN, rt, 12 h; (v) 1-chloromethyl-4-fluoro-
1,4-diazoniabicyclo[2.2.2]octane  bis(tetrafluoroborate), CH3CN,
reflux, 12 h; (vi) suitable arylboronic acid, Pd(OAc),, PPhs, 1,4-
dioxane, 2 M NayCO3 aqueous, MW 110 °C, 1 h (power: 200 W,
pressure: 100 psi, under stirring).

The synthesis of compounds B5—B7 (Scheme 1) was accom-
plished from the 5-bromo derivative 2 which was subjected to a
Suzuki-Miyaura cross-coupling reaction with the suitable boronic
acid (phenyl, p-methoxyphenyl or p-fluorophenyl boronic acid) in
the presence of tetrakis(trisphenylphosphine)palladium(0) (pre-
pared in situ using triphenylphosphine and palladium acetate) as
the catalyst and 2 M sodium carbonate aqueous solution as the base
and carried out under microwave irradiations. The obtained 5-
substituted derivatives 5, 6 and 7 reacted with p-fluorobenzyl
chloride, affording compounds B5, B6 and B7, that were purified by
flash chromatography. The purification of B6 and B7 also enabled us
to obtain the corresponding O-alkylated compound, C6 and C7
respectively were also isolated in according to previously reported
[24,25,32,33].

Compound B8 (Scheme 1) was obtained from 2-hydroxy-6-
methyl-nicotinic acid which was treated with the coupling agent
TBTU as described above and then with 4-amino-piperidine-1-
carboxylic acid t-butyl ester to give the amino derivative 8.
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Scheme 1. Synthesis of the 1,2-dihydro-6-methyl-2-oxo-pyridines B1-B10 and 2-substituted pyridines C1, C2, C6 and C7.
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Compound 8 was then N-alkylated as already reported, to give
compound 9 which was treated with a solution of bromine in
chloroform to afford the final compound BS8.

The glycoconjugates B9 and B10 were prepared as described in
Scheme 2. The 2-hydroxy-6-methyl-nicotinic acid was N-alkylated
by treatment with p-fluorobenzyl chloride in the presence of CsF in
anhydrous DMF to afford the carboxylic acid 10. This compound
was treated with the coupling agent TBTU as described above and
then with monosaccharide derivatives 11 [38] or 12 [39] to obtain
the glycoconjugates 13 and 14 respectively. The treatment of 13
with a solution of bromine in chloroform directly afforded the
desired compound B9. In the case of compound 14, the same re-
action gave the glycoconjugate 15 which by alkaline hydrolysis
provided the desired compound B10.

Reagents and conditions: (i) 1) CsF, anhydrous DMF, rt, 1 h; 2)
p-fluorobenzyl chloride, 50 °C, 12 h; 3) NaOH 10%, reflux, 12 h; 4)
HCI 1 N; (ii) suitable amine, TBTU, Et3N, DMF, 0 °C, rt, 12 h; (iii) Br,
CHCl3, rt, 12 h; (iv) NH3—MeOH 3.5 N, rt, 24 h.

2.2. Polypharmacology in the ECS and structure-activity
relationships

1,2-dihydro-2-oxopyridine  derivatives B1-B10 and 2-
substituted pyridines C1, C2, C6 and C7 were tested on the main
targets of the ECS (CBRs, MAGL, FAAH and ABHDs). The results are
reported in Tables 1 and 2. The binding affinities (Table 1, Kj values)
of novel compounds were evaluated in competitive radioligand
displacement assays against [>H]CP-55,940 using membrane
preparations obtained in-house from stable transfected CHO-hCB1
and CHO-hCB2 cells. (R)-WIN55,212 was used as positive control
for both CB1R and CB2R binding experiments and showed K; value
of 2.5 + 0.9 nM for CB1R and 1.6 + 0.5 nM for CB2R.

Generally, compounds showed higher affinity for CB2R versus
CB1R with a selectivity factor in the range of 1.7—50.7. The only
exceptions were the derivatives B3, B4, B6 and C1 that showed a
Ki(CB1R)/K;(CB2R) ratio of 0.86, 0.86, 0.37 and 0.49, respectively.
The most potent CB1R/CB2R dual ligand was the 5-bromo deriva-
tive B2 with a Kj value of 2.9 + 1.2 nM and 1.5 + 0.8 nM for CB1R and
CB2R, respectively. Interestingly, the replacement of the bromine at
position 5 with a chlorine atom (compound B3) or a fluorine atom
(compound B4) did not alter CBRs affinity. The presence of a bulkier
substituent at position 5, such as a phenyl group (compound B5)

OH
11
F
10
0 X
| AN OH OAc OAc o | N
o] ii o
N [¢] + AcO NHy ——> AcO NH
AcO AcO
NHAc NHAc
12 14

F

European Journal of Medicinal Chemistry 208 (2020) 112858

did not produce any significant alterations of the binding pro-
prieties toward CB2R, while reducing by a factor 30—100 the af-
finity for CB1R. Instead, the presence of p-methoxyphenyl group
(B6) or p-fluorophenyl (B7) at position 5 caused a moderate
reduction of the binding proprieties at both CBRs. The shift of
substituent at the 1-position to the oxygen at the 2- position of the
pyridine ring (compound C1, C2, C6 and C7), generally led to a
decreased binding affinity mostly for CB1R. Finally, the replacement
of the N-cycloheptylcarboxamide at position 3 with a N-(piperidin-
4-yl)carboxamide (B8) or with carbohydrates (B9 and B10)
dramatically impaired binding properties toward CBRs (Kj
values > 10 uM).

Furthermore, the new compounds were tested on the other
main components of the ECS, as shown in Table 1, and the obtained
results identified interesting polypharmacological properties
within the system. In particular, N-alkylated derivatives B5 and B7
inhibited the main AEA degrading enzyme FAAH with IC5q values in
the nanomolar range. B2, B3 and B6 also inhibited AEA hydrolysis
with potencies in the low micromolar range. Finally, none of the
compounds showed significant inhibition of the major 2-AG hy-
drolytic enzyme MAGL at the concentration of 10 pM. Similarly,
most of the compounds were inactive towards the two minor 2-AG
degrading enzymes ABHD6 and ABHD12. The only exceptions were
the N-substituted compound B6 and the corresponding O-
substituted derivative C6 that showed a moderate potency against
ABHDG6 with IC5q values of 0.53 pM and 0.53 uM, respectively. For
ABHD12 only B7 and C1 exhibited a moderate inhibition with ICsq
values of 0.60 uM and 2.12 uM, respectively.

The most potent CBRs ligands B1—B7, C1 and C2 were tested for
their functional activity, using the [>>S]GTPyS assay. The results are
summarized in Table 2 and showed that compounds unsubstituted
at position 5 (B1, C1) or substituted with a halogen atom (B2—B4,
C2) acted as full agonists at both CBRs. On the contrary, the pres-
ence of a bulkier substituent at the same position generated partial
agonism, antagonism or inverse agonism at both CBRs. Interest-
ingly, the substitution of a halogen atom at position 5 with a phenyl
group (B5) switched the dual full agonism at CB1R and CB2R to
antagonism at CB1R and inverse agonism at CB2R. The replacement
of the phenyl group at position 5 with a p-methoxyphenyl (B6)
group generated antagonism at both CBRs; the replacement with a
p-fluorobenzyl group (B7) generated partial agonism at CB1R and
inverse agonism at CB2R. These results indicate that the nature of

b
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Scheme 2. Synthesis of glycoconjugates B9 and B10.
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Table 1
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Data of 1,2-dihydro-2-oxopyridine B1-B10 and pyridine-3-carboxamide derivatives C1, C2, C6 and C7.°.

L O
R . N
| H
N So
BI-B7K©\
F

Br

§
OH
o ©
HO

OH

o
OMe

R N R N
\ H | H
~
N" o N~ o
C1-c4 KEj\
F

N
HO'
(
B9

SO
F

Cmpds R Ki value (mean + SD, nM) IC50 (mean + SD, uM)
CB1R CB2R FAAH MAGL ABHD6 ABHD12
B1 H 37.7 + 791 47 +2.6 >10 >10 >10 >10
B2 Br 29+12 1.5+08 59+ 05 >10 >10 >10
B3 Cl 3.7+84 43 +23 59+ 04 >10 >10 >10
B4 F 49 + 3.7 57 +26 >10 >10 >10 >10
B5 Phenyl 176 + 187 57+75 0.56 + 0.11 >10 >10 >10
B6 p-OCHsphenyl 9.8 +85 262+ 183 20+02 >10 0.53 +0.22 >10
B7 p—Fluorophenyl 493 + 15.1 289 £ 6.7 0.53 + 0.09 >10 >10 06+12
B8 Br >10000 >10000 >10 >10 >10 >10
B9 Br >10000 >10000 >10 >10 >10 >10
B10 Br >10000 >10000 >10 >10 >10 >10
c1 H 16.6 + 16.2 33.9 + 216 >10 >10 >10 >10
c2 Br 76.1 + 789 1.5+19 >10 >10 >10 21+£07
C6 p-OCHsphenyl >10000 919 + 502 >10 >10 0.53 +0.24 >10
c7 p—Fluorophenyl 4600 + 1201 531 + 239 >10 >10 >10 >10

2 Results are expressed as mean =+ SD calculated from at least 3 experiments each performed in triplicate. Positive controls: URB597 1 uM (FAAH), JZL184 1 uM (MAGL),

WWL70 10 pM (ABHD6) and THL 20 uM (ABHD12).

the substituent at position 5 of the pyridine ring is responsible for
the functional activity in accordance to what was previously re-
ported [24,25,32].

Intriguingly, minor modifications of the substituent at position 5
generated three different behaviors at CB2R: full agonism in pres-
ence of a bromine atom (B2), inverse agonism in presence of a
phenyl group (B5) and neutral antagonism in presence of a p-
methoxyphenyl group (B6). In order to confirm the uncommon
neutral antagonism behavior at CB2R, we performed additional
[3°S]GTPyS binding assays by competing B6 with B2 (agonist) and
B5 (inverse agonist). As shown in Fig. 2, pre-incubation of B6 with
increasing concentrations of B2 resulted in a right-shift of [3°S]
GTPyS binding curve. As expected by competitive antagonism, Empax
was not affected, while the potency of B2 to activate CB2R was
significantly reduced, with ECsg value that increased by factor 8 in
presence of 100 nM B6, factor 19 in presence of 300 nM B6 and
factor 70 in presence with 1 uM B6 (Fig. 2A). In another set of ex-
periments, B6 induced a right-shift also of the [>*>S]GTPyS binding
curve obtained with increasing concentrations of the inverse
agonist B5 (Fig. 2B). Interestingly, unlike in presence of the full
agonist B2, B6 did not change the potency of B5 in the [>*>S]GTPyS
binding assay, but rather reduced Epnax from —49.9% to —28.6%
(300 nM) and 24.9% (1 uM), suggesting non-competitive antago-
nism. The different competition behaviors between B6 and B2
(competitive) and B6 and B5 (non-competitive) were confirmed by
Schild plot (Fig. 2C).

2.3. In silico ADME profiling

Compounds B1-4 and C1-2, which showed to be the most active
agonist compounds, were subjected to a preliminary in silico ADME

Table 2
Functional activity ([3*S]GTPYS assay) of compounds B1-B7, C1 and C2 at CB1R and
CB2R.%.

B1-B7 F C1,c2 .
Cmpds R ECsp value (mean + SD, nM)
CB1R CB2R
B1 H 40.44 + 4.00 (Full Ago) 4.15 + 0.87 (Full Ago)
B2 Br 56.15 + 49.62 (Full Ago) 11.63 + 12.74 (Full Ago)
B3 Cl 1.12 + 9.35 (Full Ago) 3.3 + 9.51 (Full Ago)
B4 F 43.19 + 26.20 (Full Ago  24.44 + 19.97
Full Ago
B5 Phenyl 0.36 + 18.55 (Antago) 17 + 16.25 (Inv Ago)
B6 p-OCHsphenyl 270 + 141.7 (Antago) 170 + 121.8
Antago

B7 p—Fluorophenyl
C1 H

119.6 + 111.5 (Part Ago)
86.15 + 49.62 (Full Ago)

6.45 + 14.4 (Inv Ago)
11.63 + 10.14 (Full Ago)

c2 Br 586.15 + 59.60 (Full Ago) 31.63 = 20.74 (Full Ago)

2 In brackets the behavior on CB1R and CB2R is reported from the [>*S]GTPyS
assay: Part Ago: partial agonist; Full Ago: full agonist; Inv Ago: inverse agonist;
Antago: antagonist. Positive controls: CP55,940 100 nM as CB1R and CB2R agonist
(full), SR141617A 1 uM as CB1R inverse agonist and AM630 1 uM as CB2R inverse
agonist.
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Fig. 2. Pre-incubation of neutral antagonist B6 concentration-dependently reduces (A) B2 (full agonist) potency to activate CB2R in [>°S]GTPyS assays without modifying Emax. (B)
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(full) and AM630 1 uM as CB2R inverse agonist. Data in graphs show mean values + SEM of at least three independent experiments, each performed in triplicate. *p < 0.05,

*#p < 0.01 vs. vehicle (two-tailed student t-test).

profiling using the swiss ADME web tool [40] as previously per-
formed [41,42].

The octanol/water partition coefficient (expressed as logP),
which is commonly used as an indicator of molecular lipophilicity,
and the aqueous solubility (expressed as logS) of the compounds
were predicted using a consensus strategy, i.e. combining the five
logP and the three logS calculation methods respectively available
in the web tool, while gastrointestinal absorption and blood-brain
barrier permeation were estimated by swiss ADME based on the
calculated logP and topological polar surface area of the com-
pounds. Table 3 reports the physicochemical properties as well as
the Lipinski rules violations, calculated for the selected compounds.
Due to their lipophilic nature, low values of logS and high values of
logP were predicted for the ligands. Nevertheless, all compounds
satisfied the Lipinski’s rule of five and showed logP and logS values
comprised within the range of 95% of known drugs, with the only
exception of compound C2 that showed a logS slightly outside the
range (—6.5 < logS < 0.5). Moreover, all ligands were predicted to be
easily absorbed in the gastrointestinal tract and to permeate the
blood-brain barrier. As expected, the calculated properties high-
lighted the higher hydrophobic character of the analogues with a
bromine and chlorine atom at position 5 of the central scaffold with
respect to those with a hydrogen and fluorine atom at the same
position. In fact, compounds B2 and C2 showed higher logP and
lower logS values than B1 and C1, respectively. Interestingly, the
central scaffold of the compounds seems to appreciably influence
their physicochemical properties, since C1 and C2 bearing an
alkoxypyridine core were predicted to be more lipophilic with
respect to their structural isomers B1 and B2, respectively.

2.4. Molecular modeling studies

Based on activity profile on the targets of ECS and in silico ADME
properties, derivative B2 was selected as the most promising

compound with orthosteric agonist activity on both CBRs. A dock-
ing study refined by energy minimization was performed for
compound B2 into CB1R and CB2R binding site in order to ratio-
nalize the experimental results obtained from the biological eval-
uation. For this study, the ligand was docked using AUTODOCK 4.2
into the X-ray structure of human CB1R in complex with AM11542
(PDB code 5XRA) [43] and the recently deposited crystal structure
of human CB2R in complex with AM10357 (PDB code 5ZTY) [44]. In
each docking calculation, a total of 200 different docking solutions
were generated and clustered using an RMSD cut-off of 2.0 A. The
best docking pose generated in each receptor was selected and the
corresponding ligand-protein complex was then energy minimized
using AMBER16 to optimize the binding mode of the ligand (See
Materials and Methods for details). Fig. 3A shows the final binding
disposition of compound B2 into CB2R. The ligand predominantly
interacts with the four transmembrane domains (TM) of the re-
ceptor TM 2, 3, 6 and 7, among which the central 1,2-dihydro-2-
oxo-pyridine core and the cycloheptyl carboxamide group of the
compound are located, forming multiple hydrophobic interactions.
In particular, the core ring of the ligand shows a T-shaped stacking
with F183 and additional lipophilic contacts with F87, F117, V113
and M265. The 5-bromine substituent is inserted in a pocket
formed by V261, M265, F281, S285 and C288 that seems not wide
enough to well tolerate bulkier groups, which may explain the
reduced activity and/or the different functional profile of com-
pounds B5-7 bearing bigger aromatic moieties at position 5, with
respect to B2. The carboxamide group of the ligand shows aromatic
interactions with F87 and forms an intramolecular H-bond with the
carbonyl oxygen of the core ring, while the cycloheptyl ring is
placed into a lipophilic pocket mainly delimited by F87, F91, F94,
1110 and P184. The disposition of this group is consistent with the
experimental results highlighting a complete loss of activity for
compounds B8-10, bearing remarkably polar moieties in place of
the cycloheptyl ring. Finally, the p-fluorobenzyl group of B2 well fits
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Table 3
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Predicted lipophilicity (logP), water solubility (logS), Caco-2 and MDCK cell apparent permeability, as well as rules violation of new ligands.

Cmpds Cons. logP Cons. logS GI absorption BBB permeation RoF® violations
B1 4.0 -5.4 high yes 0
B2 4.5 -6.0 high yes 0
B3 4.4 -5.8 high yes 0
B4 4.2 -5.4 high yes 0
Cc1 43 -59 high yes 0
2 5.0 -6.7 high yes 0

2 Lipinski rule of Five.

another hydrophobic pocket located among TM 3—5. Precisely, this
portion of the ligand forms -7 stacking with F183 and W194 as
well as lipophilic interactions with all other residues delimiting the
pocket and in particular with T114, 1186, L191 and M265. It is
reasonable to hypothesize that compounds C1 and C2 present a
binding mode similar to that predicted for B2, with their p-fluo-
robenzyloxy moiety placed in the same pocket occupied by the p-
fluorobenzyl group of B2. This would be consistent with the full
agonist activity observed for both B2 and C1 and C2. However, the

Fig. 3. Predicted binding mode of compound B2 into CB2R (A) and CB1R (B) binding
sites.

presence of the side chain of L110, which is placed in the proximity
of the piridone oxygen of B2, could sterically hamper an optimal
disposition of the p-fluorobenzyloxy moiety of compounds C1 and
C2, thus justifying their reduced activity with respect to B2. Finally,
the complete loss of activity of C6 and C7 could be due to the
additionally negative effect of their large substituents in position 5,
which may also endow these ligands with a different effect on CBRs,
as observed for B5—B7. As shown in Fig. 3B, the ligand was pre-
dicted to adopt a binding mode into CB1R that is very similar to that
observed into CB2R. In fact, the different structural portions of the
compound are localized in the same subpockets of the receptor and
fundamentally show the same interactions with the protein resi-
dues. This is consistent with the comparable affinity of B2 for both
CB1R and CB2R. The only difference between the binding mode of
the ligand into the two receptors consists in a small adjustment of
its disposition and a rotation of the cycloheptyl group, which are
probably due to the presence of L193 and L359 in CB1R in place of
the homolog residues 1110 and V261 of CB2R that slightly change
the shape of the binding site. Accordingly, the considerations about
the SAR data of the series of ligands in relation to the binding mode
of B2 into CB2R could be also extended to CB1R.

2.5. Effect of B2 on CB2R-mediated release of ILs from LPS-
stimulated BV-2 microglial cell

In order to evaluate in vitro CB2R-mediated anti-inflammatory
effect of B2, microglial cells BV-2 were stimulated with LPS to
induce an inflammatory response [45—49]. LPS stimulation has
been widely used to activate microglial cells and promote inter-
leukin release [50,51]. As a marker of inflammatory response, we
quantified the levels of extracellular-released interleukins in acti-
vated BV-2 cells treated either with B2 alone or in presence with
the CB2R antagonist SR144528.

LPS stimulation significantly increased the release of the pro-
inflammatory interleukins IL-1f and IL-6 (734.3 + 35.1% and
764.7 + 22.9%) (Fig. 4A and B) as compared to non-stimulated cells
(NC). On the contrary, no significant change in the release of the
anti-inflammatory interleukin IL-10 (Fig. 4C), was detected after
LPS-stimulation.

In LPS-activated BV-2 cells, B2 significantly decreased the
secretion of IL-1f (Fig. 4A) and IL-6 (Fig. 4B). In detail, compared to
untreated LPS-stimulated cells, the secretion of IL-13 was reduced
to 24.6 + 7.3% after treatment with 10 uM B2. In addition, the
release of IL-6 was decreased to 27.8 + 1.5% after treatment with
10 uM B2. According to an anti-inflammatory effect, B2 increased
the release of anti-inflammatory IL-10 to 483.7 + 76.5% as
compared to untreated LPS-stimulated cells (Fig. 4C).

Overall, the ability of B2 to modulate the secretion of pro- and
anti-inflammatory ILs was comparable to the ability of the classic
CB2R agonist JWH-133 (Fig. 4A—C). The pre-treatment with the
selective CB2R antagonist SR144528, which per se did not modify IL
release, fully counteracted the changes induced by B2 on pro- and
anti-inflammatory ILs release (Fig. 4A—C), supporting a CB2R-
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followed by Bonferroni’'s multiple comparison test.

mediated anti-inflammatory effect of B2.

2.6. Effect of B2 on the glutamate release

To evaluate the effect of B2 on the glutamate release, nerve
terminals (synaptosomes) were isolated from the rat hippocampus
and endogenous glutamate efflux was measured in superfusion.
The technique allows the activity evaluation of the novel compound
on the CBRs on glutamatergic nerve ending, preventing indirect
effects at post-synaptic level or on glial cells.

In preliminary experiments, we used ACEA as positive control
CB1R agonist and we found that the 4-aminopyridine(4-AP)-
evoked release of glutamate was partially inhibited by CB1R ago-
nism, in accordance to literature [52]. In fact, the CB1R agonist
ACEA (10 uM), inhibited 4-AP-evoked glutamate release (600 pM,
2 min; Fig. 5A). The CB1R antagonist SR141716A (1 uM), abolished
the inhibitory action of ACEA on 4-AP evoked glutamate release.
The CB2R antagonist, SR144528 (1 uM) did not affect the ACEA-
mediated inhibition of 4-AP evoked glutamate release. SR141716A
and SR144528 at the used concentrations did not affect neither
basal nor 4-AP-evoked endogenous glutamate release. Moreover,
ACEA at the used concentrations did not affect the basal efflux. The
concentrations for 4-AP, CB1R agonist and antagonist, and the CB2R
antagonist, were chosen according to the literature [52—54].

These data indicate that: 1) CB1R is present and functional on
glutamatergic hippocampal presynaptic nerve terminals, as previ-
ously reported [52—54]; 2) the CB1R agonist ACEA, at the used
concentration, is able to inhibit the depolarization-evoked gluta-
mate release without the involvement of CB2R.

The effect of B2 was assessed in the same experimental condi-
tions. At the concentrations of 10 uM, B2 inhibited 4-AP-evoked
glutamate release (Fig. 5B), while at 1 pM it induced a moderate not
statistically significant effect. The CB1R antagonist SR141716A
(1 uM and 3 pM), prevented the inhibitory action of B2 (10 ptM). On
the contrary, the CB2R antagonist SR144528 (1 uM) did not affect
the B2-mediated inhibition of 4-AP evoked glutamate efflux.
Therefore, B2 mimicked the positive control CB1R agonist in
modulating glutamate release.

2.7. Effects of B2 against neuropathic pain in mice

The selected compound B2 was tested against neuropathic pain

in a mouse model of chemotherapy-induced neuropathy. The
repeated administrations of the anticancer drug oxaliplatin was
able to decrease the pain threshold when measured by applying a
cold non noxious stimulus (cold plate test), a measurement
representative of the clinical condition of cold allodynia [55,56].
The acute administration (per os) of B2 dose-dependently
(5—50 mg kg~ !) relieved neuropathic pain starting from the dose
of 5 mg kg~ . Efficacy onset and duration ranged between 15 and
60 min after treatment (Fig. 6). Efficacy and potency were compa-
rable to that of well known pain relieving drugs (pregabalin and
duloxetine) in the same model [55]. Furthermore, the pharmaco-
dynamic mechanism of the anti-neuropathic effect of B2 was
studied by using selective antagonists of the CB1R and CB2R,
respectively. When co-administered, both the CB1R antagonist
SR141716A and the CB2R antagonist SR144528 were able to fully
prevent the pain relieving effect of B2. A double stimulation of CB1R
and CB2R is then suggested for B2 (Fig. 6).

2.8. Effect of B2 on EAE model of multiple sclerosis

B2 was tested in the EAE mouse model of multiple sclerosis.
Mice were treated for 20 days with B2 at the dose of 10 mg kg~!
(daily, i.p.) which was chosen as the lowest dose to elicit full
pharmacological effect in the oxaliplatin-induced neuropathic pain
model. EAE mice treated with B2 showed a significant improve-
ment of clinical score as compared to vehicle-treated littermates
(Fig. 7). B2 significantly improved disease severity both in the initial
(day 2 to day 4) and later stage (day 10 to day 19) of the disease
(Fig. 7A), resulting in an overall reduction of disease severity over
20 days of treatment (Fig. 7B) and showed a tendency to reduce the
frequency of cases achieving a high disease severity (clinical
score > 2), as compared to vehicle-treated mice (Fig. 7C). In the
initial phase, B2 induced a milder reduction (30%) of clinical score
only at day 2, 3 and 4 post-treatment. In the second phase of the
disease, the compounds elicited a more pronounced reduction
(50—60%) of clinical score that lasted for 9 days (from day 10 to day
19) (Fig. 7A).

Based on its dual agonism at CB1R and CB2R, we can speculate
that the initial improvement of disease severity induced by B2 is
mostly linked to CB1R activation possibly by reducing excessive
glutamate release (excitotoxicity). In the second phase, B2 can exert
more pronounced and long-lasting effects by counteracting
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Fig. 5. Activation of CB1R inhibited the evoked glutamate release from hippocampal
nerve terminals in superfusion experiments. A) The CB1R agonist ACEA inhibited the 4-
AP-evoked efflux of endogenous glutamate which was prevented by SR141716A (CB1R
antagonist). B) Pharmacological characterization of the effect of B2: inhibition of 4-AP-
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8 min before the depolarizing stimulus. Data are the mean + SEM (bars) of n = 3—9
experiments each performed in triplicate. *p < 0.05 compared with the effect of 4-AP;
#p < 0.05 compared with the effect of ACEA in panel A and B2 10 uM in panel B (Mann-
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neuroinflammation via CB2R activation. This hypothesis is indi-
rectly supported by our data showing that B2 reduced glutamate
release in isolated synaptosomes via CB1R activation (Fig. 5) and
reduced neuropathic pain (which has an inflammatory component)
in vivo via CB1R and CB2R activation (Fig. 6). In addition, based on
in vitro data we cannot exclude a minor contribution of FAAH
inhibition.

Finally, the loss of improvement in disease severity between day
5 and day 9 can be attributed to desensitization of CB1R in the
brain. In the first 4 days of treatment, B2-treated mice showed the
typical (transitory) post-administration CB1R-dependent reduction
in locomotion, in body temperature and catalepsy-like behaviour as
part of the tetrad [57], (see next paragraph for full tetrad). On the
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Fig. 6. Neuropathic pain modulation by B2. Effects were evaluated in a mouse model
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edly). The pain threshold was measured by the Cold plate test evaluating the first
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contrary, after the fifth day of administration, this signs of CB1R
activation in the brain disappeared. Our observation is partially
confirmed by the reduction of functional CB1R in brain ([>*S]GTPYS
assay) of mice treated for 20 days with B2 as compared to vehicle
(Figure S1 in Supporting Information).

2.8.1. Tetrad test

To confirm CBIR activation in the brain, B2 was tested in a
battery of four phenotypic tests to assess body temperature, loco-
motion, nociception and catalepsy-like behaviour (collectively
referred as “tetrad”) [57]. The full tetrad is a well-established
readout of central CB1R activation in rodents and it is validated
by phytocannabinoid (e.g. A9-THC) [58] and synthetic CB1R ago-
nists (e.g. WIN55,212) [59]. After single administration, B2 at the
dose of 5 mg kg~! (i.p.) elicited the full tetrad in BALB/c mice by
lowering body temperature (Figure, 8A), reducing spontaneous
locomotion (Fig. 8B), increasing immobility time (Fig. 8C) and
inducing analgesia (Fig. 8D). These data indicate that B2 can diffuse
across the blood-brain-barrier and reaches bioactive concentration
in the brain. In order to validate the specific CB1R activation by B2,
two related compounds (B5 and B6), that behave as potent CB1R
antagonists (Table 2), were tested. In line with the results in vitro
(Table 2), 5-phenyl (B5) and 5-p-methoxyphenyl (B6) derivatives
did not elicit the tetrad. These data confirm the specific activation of
CB1R in vitro and in vivo of B2 as compared to other related
compounds.

3. Conclusion

Here, we report the synthesis of a new series of 1,2-dihydro-2-
oxo-pyridine-3-carboxamide derivatives and the characterization
of their biological activity in vitro and in vivo. Our data indicate that
small modifications on the chemical scaffold can lead to interesting
multi-target pharmacological profiles in the ECS. For example,
through minor modifications of the substituent at position 5 we
could identify three distinct functional effects at CB2R, full agonism
(B2), inverse agonism (B5) and an uncommon behavior as neutral
antagonism (B6). In particular, we characterized the
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pharmacological effects of compound B2, a potent dual CB1R/CB2R
agonist with good drug-like properties.

The activity of B2 on neuroinflammation and excitotoxic dam-
age by excessive glutamate release, that are the two pivotal path-
ogenic mechanisms of MS, were performed in in vitro assays. B2
reduced LPS-induced activation of microglial cells in a CB2R-
depended manner by decreasing secretion of pro-inflammatory
cytokines (IL-1B and IL-6), while enhancing the anti-
inflammatory cytokine (IL-10), in line with the reported ability of
CB2R to counteract microglia activation, reducing the inflammatory
process [50,60—65]. In another set of experiments, B2 reduced the
depolarization-evoked glutamate release in nerve terminals iso-
lated from rat hippocampus in a CB1R-dependent manner.

In vivo, B2 showed potent CB1R- and CB2R-dependent

10

antinociceptive effect upon oral administration in a mouse model
of oxaliplatin-induced neuropathic pain, which is a common
symptom in MS patients. To note, A9-THC was not able to reduce
hypersensitivity in the same oxaliplatin model [66], the potent
mixed CB1R/CB2R agonist WIN55,212 attenuated neuropathic pain
induced by other neurotoxic anticancer agents (paclitaxel and
vincristine) [67,68], through both receptor mechanisms but efficacy
findings against oxaliplatin-induced neuropathy are still lacking. In
an EAE mouse model of multiple sclerosis, B2 showed significant
improvement of disease severity both in the earlier and later phase
of the disease. Based on our data on glutamate release and micro-
glial activation, we can speculate that B2 exerted positive effect in
the EAE model via CB1R-mediated reduction of excitotoxicity and
CB2R-mediated anti-inflammatory effect. CB1R-activation in brain
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is supported by the full tetrad, which is a clear read-out of CB1R
activation in the CNS. Given these data, the new ECS multi-target
modulator B2, could represent a valuable tool compound for
future development of novel therapeutic strategies to control
symptoms and disease progression in MS.

4. Experimental
4.1. Chemistry

Commercially available reagents were purchased from Sigma
Aldrich, Alfa Aesar or Tokio Chemical Industry and used without
purification. 'TH NMR and 3C NMR were recorded at 400 and
100 MHz respectively, on a Bruker AVANCE IlI™ 400 spectrometer
or with a Bruker Avance I instrument operating at 250.13 MHz ('H)
and 62.9 MHz ('3C). Chemical shifts () are reported in parts per
million related to the residual solvent signal, while coupling con-
stants (J) are expressed in Hertz (Hz). Microwave-assisted reactions
were run in a Biotage® microwave synthesizer. All final compounds
were analyzed by HPLC, showing a purity >95%. A Beckman HPLC
instrument equipped with a System Gold Solvent Delivery module
(Pumps) 125, System Gold UV/VIS Detector 166, Detector set to
278 nm, was employed. Analyses were performed on a reverse
phase C18 column (Phenomenex 250 x 4.6 mm, 5 mm particle size,
Gemini). The mobile phase was constituted by a mixture of H,0/
AcOH (0.1% v/v) (eluent A) and ACN (eluent B). A gradient starting
from 50% of B, changing to 100% of B over 20 min, and returning to
the initial conditions over 10 min, was used for compounds. The
flow rate was 1.0 ml/min. High-resolution mass spectra (HRMS)
were recorded on a Q Exactive™ Plus Hybrid Quadrupole-Orbi-
trap™ Mass Spectrometer (Thermo Fisher Scientific), resolution
140,000 at m/z 200. Organic solutions were dried over anhydrous
NaySO4 or MgSOg4. Evaporation was carried out in vacuo using a
rotating evaporator. Kieselgel 60 (E. Merck, 70—230 and 230—400
mesh, respectively) was used for column and flash chromatog-
raphy. Some of flash chromatography were conducted by the
automated system Isolera Four SVTM (Biotage®), equipped with UV
detector with variable wavelength (200—400 nm). Reactions were
monitored by TLC on Kieselgel 60 F»54 ((E. Merck) with detection by
UV light (A = 254 nm)) and/or with ethanolic 10% phosphomo-
lybdic or sulfuric acid, and heating. All reactions involving air- or
moisture-sensitive reagents were performed under an argon or
nitrogen atmosphere using anhydrous solvents. Dried solvents
were obtained by distillation according to standard procedure [69]
and stored over 4 A molecular sieves activated. Melting points were
determined on a Kofler hot-stage apparatus and are uncorrected.

4.1.1. N-cycloheptyl-1,2-dihydro-6-methyl-2-oxo-pyridine-3-
carboxamide (1)

A solution of 1,2-dihydro-6-methyl-2-oxo-pyridine-3-
carboxilyc acid (500.0 mg, 3.27 mmol) in anhydrous DMF
(8.1 mL) was stirred in an ice-bath. TBTU (1.26 g, 3.92 mmol) and
triethylamine (1.2 mL, 9.16 mmol) were added at 0 °C. After 30 min,
cycloheptylamine (0.4 mL, 3.27 mmol) was added and the reaction
contents were stirred at 0 °C for 30 min and then at room tem-
perature for 12 h. After removing the solvent under reduced pres-
sure, the reaction mixture was dissolved in CHCl3 and washed with
water. The organic phase was dried over anhydrous Na;SOy, filtered
and evaporated under reduced pressure. The purification by flash
chromatography on silica gel (ethyl acetate/petroleum ether 8:2)
lead to the isolation of the pure amide (554.0 mg, 2.24 mmol). 1:
Yield 69%. "TH NMR (CDCl3, 400 MHz) 6: 13.11 (bs, 1H, OH), 9.63 (bd,
1H, ] = 7.6 Hz, NH), 8.52 (d, 1H, J = 7.4 Hz, H4-Py), 6.34 (d, 1H,
J = 7.4 Hz, H5-Py), 4.20 (m, 1H, CHN), 2.44 (s, 3H, CH3-Py), 1.76 (m,
12H, 6 x CHy). >C NMR (CDCls, 100 MHz) 6: (ppm) 164.64, 162.68
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(2 x C=0),149.26 (Cs-Py), 145.51 (C4-Py), 118.51 (C3-Py), 107.91 (C5-
Py), 49.96 (CH—NH), 34.98 (2 x CH,CHNH), 28.33 (2 x CH,), 24.14
(2 x CHy), 19.09 (CH3-Py).

4.1.2. N-cycloheptyl —1,2-dihydro-5-bromo -6-methyl-2-oxo-
pyridine-3-carboxamide (2)

N-Cycloheptyl-1,2-dihydro-6-methyl-2-oxo-pyridine-3-
carboxamide 1 (646.0 mg, 2.60 mmol) was dissolved in CHCl3
(4.3 mL) and a solution of bromine (0.1 mL, 312.0 mg, 2.60 mmol) in
CHCl; (2.6 mL) was added dropwise. The reaction mixture was
stirred at room temperature for 12 h and then diluted with CHCls.
The solution was treated with a saturated solution of sodium
thiosulfate and then was washed with water. The organic phase was
dried over anhydrous Na;SO4, filtered and evaporated under
reduced pressure, affording compound 2 (665.0 mg, 2.00 mmol) as
a yellow solid, which was used in the next step without further
purification. 2: Yield 77%. '"H NMR (CDCls, 400 MHz) 6: 13.39 (bs,
1H, OH), 9.44 (bd, 1H, J = 7.3 Hz, NH), 8.65 (s, 1H, Hs4-Py), 4.21 (m,
1H, CHN), 2.53 (s, 3H, CH3-Py), 1.78 (m, 12H, 6 x CH,). >°C NMR
(CDCl3, 100 MHz) 6: (ppm) 163.59, 161.29 (2 x C=0), 148.38 (Cs-
Py), 147.87 (C4-Py), 119.89 (C3-Py), 101.77 (Cs-Py), 50.03 (CH—NH),
34.81 (2 x CH,CHNH), 28.24 (2 x CH3), 23.96 (2 x CH3),19.77 (CH3-
Py).

4.1.3. N-cycloheptyl-1,2-dihydro-5-chloro-6-methyl-2-o0xo-
pyridine-3-carboxamide (3)

N-Chlorosuccinimmide (270.0 mg, 2.01 mmol) was slowly
added to a suspension of N-cycloheptyl-2-oxo-pyridine-3-
carboxamide 1 (500.0 mg, 2.01 mmol) in acetonitrile (6.0 mL) at
room temperature and the reaction was refluxed for 3 h. After
cooling to room temperature, the reaction was quenched with
water and repeatedly extracted with ethyl acetate. The organic
phases were collected, dried over NaySO,, filtered and evaporated
under reduced pressure to afford compound 3 (358.0 mg,
1.27 mmol), which was used in the next step without further pu-
rification. 3: Yield 63%. "H NMR (CDCls, 400 MHz) 6: 13.26 (bs, 1H,
OH), 9.53 (s, 1H, H4-Py), 9.43 (bd, 1H, J = 7.8 Hz, NH), 4.23 (m, 1H,
CHN), 2.47 (s, 3H, CH3-Py), 1.91 (m, 2H, CH,), 1.66 (m, 10H, 5 x CH>).

4.1.4. N-cycloheptyl-1,2-dihydro-5-fluoro-6-methyl-2-oxo-
pyridine-3-carboxamide (4)

1-Chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2 ]Joctanebis(-
tetrafluoroborate) (1.10 g, 2.83 mmol) was added in one portion to a
suspension of the 2-oxo-pyridine-3-carboxamide 1 (680.0 mg,
2.83 mmol) in acetonitrile (5.6 mL) at room temperature and the
mixture was refluxed for 12 h. After cooling to room temperature,
the solvent was removed under reduced pressure. The residue
obtained was dissolved in ethyl acetate, washed with water. The
organic phase was then dried over anhydrous Na,SOy, filtered and
evaporated under reduced pressure to obtain a yellow oil which
was then purified by flash chromatography on silica gel (1:1 ethyl
acetate/petroleum ether) affording compound 4 (121.0 mg,
0.45 mmol). 4: Yield 16%. "H NMR (CDCls, 400 MHz) 6: 13.18 (bs, 1H,
OH), 9.58 (bd, 1H, ] = 7.8 Hz, NH), 8.47 (d, 1H, Jur = 9.2 Hz, H4-Py),
4.20 (m, 1H, CHN), 2.44 (s, 3H, CH3-Py), 1.94 (m, 2H, CH;), 1.70 (m,
10H, 5 x CHy). °F NMR (CDCls, 400 MHz) 6: 146.52.

4.1.5. General procedure for the synthesis of 5-substituted 3-
carboxamide derivatives 5—7

A mixture of PPh3 (163.0 mg, 0.62 mmol) and Pd(OAc), (27.0 mg,
0.12 mmol) in 1.7 mL of anhydrous 1,4-dioxane was stirred at room
temperature under nitrogen flux. After 15 min, the 5-bromo de-
rivative 2 (406.0 mg, 1.24 mmol) was added followed by 2.0 M
sodium carbonate aqueous solution (2.4 mL), methanol (2.4 mL)
and the suitable arylboronic acid (2.48 mmol). The mixture was
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heated in a microwave reactor at 110 °C for 1 h (power 200 W,
pressure 100 psi, stirring on). After cooling, the reaction mixture
was filtered under vacuum using celite, evaporated under reduced
pressure, treated with water and extracted with CHCl3. Combined
organic layers were dried over anhydrous Na;SOg4, filtered and
evaporated under reduced pressure, to obtain a residue which was
purified by flash chromatography.

4.1.5.1. N-cycloheptyl-1,2-dihydro-5-phenyl-6-methyl-2-oxo-pyri-
dine-3-carboxamide (5). Compound 5 was prepared using phenyl-
boronic acid and it was purified by flash chromatography on silica
gel (7:3 n-hexane/ethyl acetate). 5: Yield 67%. '"H NMR (400 MHz,
CDCl3) 6: 13.12 (bs, 1H, OH), 9.72 (bd, 1H, ] = 7.6 Hz, NH), 8.57 (s, 1H,
Hy-Py), 7.28 (m, 5H, Ar—H), 4.25 (m, 1H, CHN), 2.47 (s, 3H, CHs-Py),
1.68 (m, 12H, 6 x CH3).

4.1.5.2. N-cycloheptyl-1,2-dihydro-5-(4-methoxyphenyl)-6-methyl-
2-oxo-pyridine-3-carboxamide (6). Compound 6 was prepared us-
ing 4-methoxyphenylboronic acid and it was purified by flash
column chromatography on silica gel (7:3 n-hexane/ethyl acetate).
6: Yield 56%. 'H NMR (CDCls, 400 MHz) é: 13.15 (bs, 1H, OH), 9.67
(bd, 1H, J = 7.5 Hz, NH), 8.54 (s, 1H, H4-Py), 7.20 (m, 2H, Ar—H), 6.96
(m, 2H, Ar—H), 4.25 (m, 1H, CHN), 3.82 (s, 3H, CH30), 2.44 (s, 3H,
CH3-Py), 1.79 (m, 12H, 6 x CH>).

4.1.5.3. N-cycloheptyl-1,2-dihydro-5-(4-fluorophenyl)-6-methyl-2-
oxo-pyridine-3-carboxamide (7). Compound 7 was prepared using
4-fluorophenyl boronic acid and it was purified by flash column
chromatography on silica gel ((1:1 petroleum ether/ethyl acetate).
7: Yield 57%. 'TH NMR (CDCls, 400 MHz) é: 13.30 (bs, 1H, OH), 9.62
(bd, 1H, J = 7.8 Hz, NH), 7.23 (m, 3H, Hs-Py, Ar—H), 7.09 (m, 2H,
Ar—H), 4.20 (m, 1H, CHN), 2.39 (s, 3H, CH3-Py), 2.04 (m, 2H, CH)),
1.53 (m, 10H, 5 x CH>). 3C NMR (CDCl3, 100 MHz) 6: (ppm) 163.93
(C=0), 162.49 (d, Jc-r = 246 Hz, Ar-CF), 162.44 (C=0), 147.00 (Cs-
Py), 146.17 (C4-Py), 132.76 (d, Jcr = 3 Hz, Ar—C), 131.08 (d, Jc-
F = 8 Hz, 2 x Ar-CH), 121.14 (Cs-Py), 118.74 (C3-Py), 115.86 (d, Jc-
r=21Hz, 2 x Ar-CH), 49.99 (CH—NH), 34.96 (2 x CH,CHNH), 28.34
(2 x CHyp), 24.07 (2 x CHy), 17.87 (CH3-Py).

4.1.6. Tert-butyl 4-(2-hydroxy-6-methylnicotinamido )piperidine-1-
carboxylate (8)

Compound 8 was prepared from compound 1,2-dihydro-6-
methyl-2-oxo-pyridine-3-carboxilyc acid as described for com-
pound 1 using tert-butyl-4-aminopiperidine-1-carboxylate and it
was purified by flash chromatography on silica gel (ethyl acetate
and 1% NEts). 8: Yield 64%. "TH NMR (CDCls, 400 MHz) 6: 12.67 (bs,
1H, OH), 9.62 (bd, 1H, J = 7.6 Hz, NH), 8.50 (d, 1H, ] = 7.4 Hz, H4-Py),
6.34 (d, 1H, J = 7.4 Hz, Hs5-Py), 4.13 (m, 1H, CHN), 3.94, 3.05 (2 m,
each 2H, 2 x CH,CHNH), 2.42 (s, 3H, CH3-Py), 1.98, 1.65 (2 m, each
2H, 2 x CH»CHN), 1.46 (s, 9H, (CH3)sC).

4.1.7. 1,2-Dihydro-5-bromo-1-(4-fluorobenzyl)-6-methyl-2-oxo-
pyridine-3-carboxylic acid (10)

Cesium fluoride (3.20 g, 21.03 mmol) was added to a solution of
1,2-dihydro-6-methyl-2-oxo-pyridine-3-carboxilyc acid (1.07 g,
7.01 mmol) in anhydrous DMF (15.0 mL). After 1 h, p-fluorobenzyl
chloride (2.5 mL, 21.03 mmol) was added, and the resulting mixture
was left under stirring at 65 °C for 20 h. After that, the reaction
mixture was concentrated under reduced pressure and the residue
was refluxed for 4 h in 10% aqueous NaOH (35.0 mL). After cooling
to room temperature, the reaction was acidified with 1 N aqueous
HCI and the precipitated was collected by filtration to afford com-
pound 10 as a yellow solid (1.02 g, 3.92 mmol), which was used in
the next step without further purification. 10: Yield 56%. '"H NMR
(CDCl3, 400 MHz) ¢: 8.43 (d, 1H, J = 7.6 Hz, Hs-Py), 716 (m, 2H,
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Ar—H), 7.04 (m, 2H, Ar—H), 6.45 (d, 1H, ] = 7.6 Hz, Hs-Py), 5.41 (s, 2H,
PhCH>N), 2.46 (s, 3H, CH3-Py).

4.1.8. 1-(4-Fluorobenzyl)-N-(((3aS,4R,6R,7R,7aR)-7-hydroxy-6-
methoxy-2,2-dimethyltetrahydro-4H-[1,3]dioxolo[4,5-c]pyran-4-yl)
methyl)-6-methyl-2-oxo-1,2-dihydropyridine-3-carboxamide (13)

Compound 13 was prepared from compound 10 as described for
compound 1 using the monosaccharide derivative 11 and it was
purified by flash chromatography on silica gel (9:1 CHCl3/MeOH).
13: Yield 93%. 'TH NMR (CD3CN, 250.13 MHz) 6: 10.1 (bt, 1H, NH),
835 (d, 1H, J = 7.5 Hz, Hs-Py), 719 (m, 2H, Ar—H) 7.08 (m, 2H,
Ar—H), 6.40 (d, 1H, ] = 7.5 Hz, H5-Py), 5.36 (s, 2H, PhCH,N), 4.17 (dd,
1H, Ja5 = 2.2 Hz, J3 4 = 5.6 Hz, H-4), 4.06 (d, 1H, J12 = 8.2 Hz, H-1),
3.98 (dd, 1H, ]2'3 =72 HZ, _]3,4 =56 HZ, H—3), 3.93 (ddd, lH,
Jseb = 4.6 Hz, Js6a = 8.7 Hz, J45 = 2.2 Hz, H-5), 3.77 (ddd, 1H,
]Ga,Gb =13.6 HZv.]Gb,NH =47 HZ,_]5_6b = 4.6 Hz, H-Gb), 3.50 (ddd, 1H,
Jeaeb = 13.6 Hz, J56a = 8.7 Hz, Jeann = 6.8 Hz, H-6a), 3.43 (s, 3H,
OCH3), 3.42 (d, 1H, J,0u4 = 3.5 Hz, OH), 3.33 (ddd, 1H, J;, = 8.2 Hz,
_]2,3 =72 HZ,_’Z,OH = 3.5 Hz, H—Z), 2.40 (S, 3H, CH3—Py), 146, 1.31 (25,
each 3H, CMe;); 3C NMR (CDsCN, 62.9 MHz) 6: 164.99, 163.90
(2 x C=0), 163.0 (d, Jc.r = 241.6 Hz, Ar-CF), 153.18 (Cs-Py), 143.65
(C4-Py), 133.31 (d, Jcr = 3.1 Hz, Ar—C), 129.42 (d, Jcr = 8.3 Hz,
2 x Ar-CH), 118.78, (C3-Py), 116.32, (d, Jc.r = 22.0 Hz, 2 x Ar-CH),
110.37 (CMe3), 108.55 (Cs-Py), 104.33 (C-1), 80.32 (C-3), 75.11 (C-4),
7418 (C-2), 71.97 (C-5), 56.87 (OMe), 47.91 (PhCH;N), 40.64 (C-6),
28.36, 26.52 (CMey), 21.38 (CH3-Py).

4.1.9. (2R 3S,4R,5R,6R)-5-acetamido-2-(acetoxymethyl)-6-(1-(4-
fluorobenzyl)-6-methyl-2-oxo0-1,2-dihydropyridine-3-carboxamido)
tetrahydro-2H-pyran-3,4-diyl diacetate (14)

Compound 14 was prepared from compound 10 as described for
compound 1 using the monosaccharide 12%° and it was purified by
flash chromatography on silica gel (9.8:0.2 CHCl3/MeOH). 14: Yield:
50%. 'H NMR (CD3CN, 250.13 MHz) 6: 10.3 (d, 1H, J1nu = 9.3 Hz, NH),
8.37 (d, 1H, ] = 7.6 Hz, H4-Py), 7.33—7.06 (m, 4H, Ar—H), 6.54 (d, 1H,
Jont = 9.5 Hz, NH), 6.43 (d, 1H, J = 7.6 Hz, Hs-Py), 5.46, 5.37 (AB
system, 2H, Jap = 15.7 Hz, PhCH,N), 5.25 (dd, 1H, J3 = 10.1 Hz,
J34=9.6Hz, H-3),5.02 (dd, 1H, J45 =10.3 Hz, J3 4 = 9.6 Hz H-4), 5.49
(dd, 1H, J12 =9.5 Hz, Jinu = 9.3 Hz, H-1), 414 (m, 1H, H-2), 4.19 (dd,
1H, Jsa6b 12.2 Hz, Js6p 5.0 Hz, H-6b), 4.05 (dd, 1H,
Jeaeb = 12.2 Hz, J5 65 = 2.3 Hz, H-6a), 3.90 (ddd, 1H, J45 = 10.3 Hz,
Js.6b = 5.0 Hz, J565 = 2.3 Hz, H-5), 2.40 (s, 3H, CH3-Py), 2.01, 2.00,
1.97 (3s, each3H, 3 x MeC00), 1.76 (s, 3H, MeCON). 3C NMR
(CD3CN, 62.9 MHz) 4: 171.29, 171.14, 170.93, 170.54 (4 x C=O0),
165.49, 163.81 (2 x C=0), 162.9 (d, Jc-r = 236.4 Hz, Ar-CF), 154.39
(Ce-Py), 144.63 (C4-Py), 133.05 (d, Jc.r = 3.6 Hz, Ar—C), 129.32 (d, Jc-
F = 8.2 Hz, 2 x Ar-CH), 117.67 (C3-Py), 116.42 (d, Jcr = 21.9 Hz,
2 x Ar-CH), 108.84 (Cs-Py), 79.26 (C-1), 74.11 (C-5), 73.96 (C-3),
69.60 (C-4), 63.09 (C-6), 53.56 (C-2), 47.92 (PhCH;,N), 22.92
(MeCON), 21.43 (CH3-Py), 20.86 (3 x MeCOO).

4.1.10. (2R,3S,4R,5R,6R)-5-acetamido-2-(acetoxymethyl)-6-(5-
bromo-1-(4-fluorobenzyl)-6-methyl-2-oxo-1,2-dihydropyridine-3-
carboxamido )tetrahydro-2H-pyran-3,4-diyl diacetate (15)
Compound 15 was prepared from compound 14 as described for
compound 2 and it was purified by flash chromatography on silica
gel (ethyl acetate). 15: 32%. TH NMR (CDsCN, 250.13 MHz) §: 10.2 (d,
1H, Jinu = 9.0 Hz, NH), 8.49 (s, 1H, Hs-Py), 7.19 (m, 2H, Ar—H) 7.08
(m, 2H, Ar—H), 6.60 (d, 1H, Jonu = 9.6 Hz, NH), 5.49 (s, 2H, PhCH,N),
540 (dd, 1H, Ji2 = 9.5 Hz, Jinu = 9.0 Hz, H-1), 5.24 (dd, 1H,
Jo3 = 104 Hz, J34 = 9.4 Hz, H-3), 5.00 (dd, 1H, J45 = 10.0 Hz,
Ja.a=9.4Hz, H-4),4.22 (dd, 1H, Je 6 = 12.6 Hz, J5,65 = 4.8 Hz, H-6b),
4.14 (m, 1H, H-2), 4.03 (dd, 1H, Jsq,6p = 12.6 Hz, J564 = 2.6 Hz, H-6a),
3.90 (ddd, 1H, J45 = 10.0 Hz, J56p = 4.8 Hz, 564 = 2.6 Hz, H-5), 2.51
(s, 3H, CH3-Py), 2.00,1.98,1.95 (3s, each 3H, 3 x MeC0O0), 1.75 (s, 3H,
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MeCON). 3C NMR (CD5CN, 62.9 MHz) 6: 171.20, 171.17, 170.58, 170.6
(4 x C=0),164.30,162.77 (2 x C=0),162.63 (d, Jc_r = 221.4 Hz, Ar-
CF), 152.49 (Ce-Py), 147.55 (C4-Py), 132.51 (d, Je.r = 2.2 Hz, Ar—C),
129.31 (d, Jer = 8.2 Hz, 2 x Ar-CH), 118.82 (Cs-Py), 116.41 (d, Jc.
F = 21.8 Hz, 2 x Ar-CH), 101.86 (Cs-Py), 79.30 (C-1), 74.14 (C-5),
73.82 (C-3), 69.53 (C-4), 63.04 (C-6), 53.51 (C-2), 49.58 (PhCHoN),
22.90 (MeCON), 21.55 (CH3-Py), 20.85 (3 x MeCOO).

4.1.11. General procedure for the synthesis of Ny-substituted 9,
B1—B7 and O-substituted C1, C2, C6 and C7 pyridine-3-
carboxamide derivatives

Cesium carbonate (0.30 mmol) was added to a solution of the
suitable 6-methyl-2-oxo-pyridine-3-carboxamide (0.3 mmol) in
anhydrous DMF (0.9 mL). After 1 h, p-fluorobenzyl chloride
(0.90 mmol) was added, and the resulting mixture was left under
stirring at 25 °C for 12 h. After cooling to room temperature, the
reaction mixture was concentrated under reduced pressure, treated
with water, and then extracted with dichloromethane. The organic
layer was dried over anhydrous NaySOy, filtered, and evaporated
under reduced pressure to give a residue which was purified by
flash chromatography.

4.1.11.1. Tert-butyl 4-(1-(4-fluorobenzyl)-6-methyl-2-o0xo0-1,2-
dihydropyridine-3-carboxamido) piperidine—1—carboxylate  (9).
Compound 9 was prepared from compound 1 and it was purified by
flash chromatography (3:7 n-hexane/ethyl acetate). 9: Yield 38%. 'H
NMR (CDCl3, 400 MHz) é: 9.75 (bd, 1H, ] = 8.2 Hz, NH), 8.44 (d, 1H,
J = 7.6 Hz, Ha-Py), 7.09 (m, 2H), Ar—H, 7.01 (m, 2H, Ar—H), 6.31 (d,
1H, J = 7.6 Hz, Hs-Py), 5.35 (s, 2H, PhCH3N), 4.13 (m, 1H, CHN), 3.94,
2.97 (2 m, each 2H, 2 x CH>CHNH), 2.36 (s, 3H, CH3-Py), 1.95, 1.49
(2 m, each 2H, 2 x CH>CHN), 1.46 (s, 9H, (CH3)3C).

4.1.11.2. N-cycloheptyl-1,2-dihydro-1-(4-fluorobenzyl)-6-methyl-2-
oxo-pyridine-3-carboxamide (B1) and N-cycloheptyl-2-((4-
fluorobenzyl)oxy )-6-methylnicotinamide (C1). Compound B1 was
prepared from compound 1. The purification of reaction mixture by
flash chromatography on silica gel (7:3 n-hexane/ethyl acetate)
allowed also to obtain the O-substituted pyridine-3-carboxamide
derivative C1. B1: Yield 12%. Mp: 107—109 °C. 'H NMR (CDCls,
400 MHz) 6: 9.70 (bd, 1H, ] = 7.2 Hz, NH), 8.45 (d, 1H, ] = 7.6 Hz, Hs-
Py), 7.09 (m, 2H, Ar—H), 7.01 (m, 2H, Ar—H), 6.29 (d, 1H, J = 7.6 Hz,
Hs-Py), 5.36 (s, 2H, PhCH,N), 4.12 (m, 1H, CHN), 2.35 (s, 3H, CH3-Py),
1.98 (m, 2H, CH5) 1.59 (m, 10H, 5 x CH,).>C NMR (CDCl3, 100 MHz)
0: 163.14,162.74 (2 x C=0),162.21 (d, Jc = 245 Hz, Ar-CF), 150.34
(Ce-Py), 143.02 (C4-Py), 131.19 (d, Jcr = 4 Hz, Ar—C), 128.01 (d, J
cr=8Hz, 2 x Ar-CH), 119.04 (Cs-Py), 115.98 (d, ] cr = 22 Hz, 2 x Ar-
CH), 108.08 (Cs-Py) 50.42 (PhCH3N), 4711 (CHN), 34.99
(2 x CH,CHN) 28.15 (2 x CHy), 24.27 (2 x CH3), 21.14 (CH3-Py). HPLC
analysis: retention time = 15.68 min; peak area 97.56% (280 nm).
C1: Yield 30%. Mp: 191—194 °C. "H NMR (CDCls, 400 MHz) 6: 8.39 (d,
1H, | = 7.6 Hz, H4-Py), 7.88 (bd, 1H, | = 7.4 Hz, NH), 7.46 (m, 2H,
Ar—H), 7.10 (m, 2H, Ar—H), 6.90 (d, 1H, ] = 7.6 Hz, H5-Py), 5.44 (s, 2H,
PhCH,0), 4.12 (m, 1H, CHN), 2.49 (s, 3H, CH3-Py), 1.83 (m, 2H, CH5),
1.40 (m, 10H, 5 x CHa). 13C NMR (CDCls, 100 MHz) é: 162.80 (d, J
cF= 246 Hz, Ar-CF), 162.62 (C=0), 159.30 (C,-Py, Cs-Py), 141.81 (C4-
Py), 132.25 (d, Jcr = 3 Hz, Ar—C), 130.69 (d, Jcr = 8 Hz, 2 x Ar-CH),
128.58 (Ar—C), 117.29 (C3-Py), 115.58 (d, Jcr = 21 Hz, 2 x Ar-CH),
113.25 (Cs-Py), 68.03 (PhCH,0), 49.86 (CHN), 34.62 (2 x CH,CHN),
28.22 (2 x CHy), 24.05 (2 x CHjy), 23.62 (CH3-Py). HPLC analysis:
retention time = 14.23 min; peak area 95.90% (280 nm).

4.1.11.3. N-cycloheptyl-1,2-dihydro-5-bromo-1-(4-fluorobenzyl)-6-
methyl-2-oxo-pyridine-3-carboxamide (B2) and 5-bromo-N-cyclo-
heptyl-2-((4-fluorobenzyl Joxy )-6-methylnicotinamide (c2).
Compound B2 was prepared from compound 2. The purification by
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flash column chromatography on silica gel (9:1 petroleum ether/
ethyl acetate) also enabled us to obtain the O-substituted pyridine-
3-carboxamide derivative C2. B2: Yield 22%. Mp: 146—149 °C. 'H
NMR (CDCls, 400 MHz) é: 9.60 (bd, 1H, J = 8.0 Hz, NH), 8.65 (s, 1H,
Ha4-Py), 7.07 (m, 4H, Ar—H), 5.42 (s, 2H, PhCH3N), 4.13 (m, 1H, CHN),
2.52 (s, 3H, CH3-Py), 2.00 (m, 2H, CH>), 1.59 (m, 10H, 5 x CH>). 3C
NMR (CDCls, 100 MHz) 6: 162.38 (d, Jcr = 246 Hz, Ar-CF), 162.10,
16147 (2 x C=0), 148.42 (Cg-Py) 146.56 (C4-Py), 130.75 (d,
JcF = 3 Hz, Ar—C),128.07 (d, ] cf = 8 Hz, 2 x Ar-CH), 120.11 (Ar—,
C3-Py), 116.21 (d, Jcr = 22 Hz, 2 x Ar-CH), 101.92 (Cs-Py), 50.64
(PhCH3N), 48.76 (CHN), 34.96 (2 x CH,CHN), 28.19 (2 x CHy), 24.25
(2 x CHp), 20.89 (CH3-Py). HPLC analysis: retention
time = 14.37 min; peak area 95.82% (280 nm). HRMS-ESI: m/z calcd
for Co1Hp4BrFN,0, [M+H]™, 435.10780; found 435.10797. C2: Yield
50%. Mp 86—89 °C. 'H NMR (CDCls, 400 MHz) 6: 8.56 (s, 1H, Ha-Py),
7.80 (bd, 1H, NH), 7.45 (m, 2H, Ar—H), 7.11 (m, 2H, Ar—H), 5.41 (s,
2H, PhCH;0), 4.12 (m, 1H, CHN), 2.60 (s, 3H, CH3-Py), 1.82 (m, 2H,
CH>), 1.45 (m, 10H, 5 x CH3). >*C NMR (CDCl5, 100 MHz) §: 163.06 (d,
Jcp = 247 Hz, Ar-CF), 16142 (C=0), 158.04, 157.66 (C-Py, Cs-
Py),14.88 (C4-Py), 132.00 (d, Jcr = 3 Hz, Ar—C), 130.90 (d, Jcr = 9 Hz,
2 x Ar-CH), 115.86 (d, Jcr = 22 Hz, 2 x Ar-CH), 115.54 (C3-Py), 113.60
(Cs-Py), 68.71 (PhCH,0), 50.18 (CHN), 34.75 (2 x CHy), 29.83
(2 x CHy), 28.36 (2 x CHy), 23.76 (CH3-Py). HPLC analysis: retention
time = 20.30 min; peak area 95.96% (280 nm).

4.1.11.4. N-cycloheptyl-1,2-dihydro-5-chloro-1-(4-fluorobenzyl)-6-
methyl-2-oxo-pyridine-3-carboxamide (B3). Compound B3 was
prepared from compound 3 and it was purified by flash chroma-
tography on silica gel (9:1 petroleum ether/ethyl acetate). B3: Yield
22%. Mp: 97—99 °C. 'H NMR (CDCl3, 400 MHz) é: 9.63 (bd, 1H,
J = 8.0 Hz, NH), 8.54 (s, 1H, Hs-Py), 7.08 (m, 4H, Ar—H), 5.42 (s, 2H,
PhCH>N), 4.18 (m, 1H, CHN), 2.48 (s, 3H, CH3-Py), 2.00 (m, 2H, CH5),
1.62 (m, 10H, 5 x CHy). 3C NMR (CDCl3, 100 MHz) 4: 162.64 (d,
Jcp=210Hz, Ar-CF),161.93,161.59 (2 x C=0), 147.14 (Cs-Py), 144.03
(C4-Py), 130.81 (d, Jcr = 3 Hz, Ar—C), 128.14 (d, Jcr = 8 Hz, 2 x Ar-
CH), 120.03 (Ar—C, C3-Py), 116.27 (d, Jcr = 22 Hz, 2 x Ar-CH), 114.08
(Cs-Py), 50.71 (PhCHN), 48.53 (CHN), 35.03 (2 x CH,CHN),28.25
(2 x CHy), 24.33 (2 x CH3), 18.08 (CH3-Py). HPLC analysis: retention
time = 14.03 min; peak area 97.44% (280 nm).

4.1.11.5. N-cycloheptyl-1,2-dihydro-5-fluoro-1-(4-fluorobenzyl)-6-
methyl-2-oxo-pyridine-3-carboxamide (B4). Compound B4 was
prepared from compound 4 and it was purified by flash chroma-
tography on silica gel (9:1 petroleum ether/ethyl acetate). B4: Yield
10%. 'H NMR (CDCl3, 400 MHz) 6: 9.73 (bd, 1H, J = 7.2 Hz, NH), 8.45
(d, 1H, JuF = 9.2 Hz, H4-Py), 712 (m, 2H, Ar—H), 7.03 (m, 2H Ar—H),
5.35 (s, 2H, PhCH,N), 4.13 (m, 1H, CHN), 2.33 (d, 3H, Jur = 3.2 Hz,
CH3-Py), 1.99 (m, 2H, CH>), 1.60 (m, 10H, 5 x CH;). *C NMR (CDCls,
100 MHz) 6: 162.39 (d, Jcr = 248 Hz, Ar-CF), 161.71,161.68 (2 x C=
0),145.83 (d, J cr = 227 Hz, Cs5-Py), 136.69 (d, Jcr = 28 Hz, C4-Py),
133.17 (d, ] cr = 27 Hz, Cs-Py), 130.83 (d, Jcr = 3 Hz, Ar—C), 128.21
(d,J cr=8Hz, 2 x Ar-CH), 119.46 (d, Jcr = 5 Hz, C3-Py), 116.22 (d, J
cF = 22 Hz, 2 x Ar-CH), 50.73 (PhCH;N), 47.71 (CHN), 35.01
(2 x CHyCHN), 28.22 (2 x CHp), 24.32 (2 x CHy), 13.00 (CHs-Py).
HPLC analysis: retention time 11.95 min; peak area 97.59%
(280 nm).

4.1.11.6. N-cycloheptyl-1,2-dihydro-1-(4-fluorobenzyl)-6-methyl-2-
0x0-5-phenyl-pyridine-3-carboxamide (B5). Compound B5 was
prepared from compound 5 and it was purified by flash chroma-
tography on silica gel (7:3 n-hexane/ethyl acetate) B5: Yield 25%.
Mp: >190 °C dec. 'TH NMR (CDCls, 400 MHz) d: 9.79 (bd, 1H,
J=8.0Hz, NH), 8.50 (s, 1H, Hs-Py), 7.38 (m, 3H, Ar—H), 7.21 (m, 2H,
Ar—H), 7.13 (m, 2H, Ar—H), 7.04 (m, 2H, Ar—H), 5.46 (s, 2H, PhCH3N),
415 (m, 1H, CHN), 2.30 (s, 3H, CH3-Py), 1.98 (m, 2H, CH3), 1.57 (m,
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10H, 5 x CH,). 3C NMR (CDCl3, 100 MHz) §: 162.74,162.61 (2 x C=
0), 162.32 (d, Jcr = 245 Hz, Ar-CF), 147.46 (Cs-Py), 145.21 (C4-Py),
138.14 (Ar—C), 131.36 (d, J cr = 4 Hz, Ar—C), 129.74 (Ar-CH),
128.76(Ar-CH), 128.08 (d, Jcr = 8 Hz, 2 x Ar-CH), 127.82 (Ar-CH),
122.07 (C3-Py), 118.64 (Cs5-Py)116.13 (d, J cr = 21 Hz, 2 x Ar-CH),
50.54 (PhCHN), 47.89 (CHN), 35.08 (2 x CH2CHN), 28.27 (2 x CHa),
2433 (2 x CHy), 18.70 (CHs-Py). HPLC analysis: retention
time = 15.73 min; peak area 97.04% (280 nm).

4.1.11.7. N-cycloheptyl-1,2-dihydro-5-(4-methoxyphenyl-1-(4-
fluorobenzyl))-6-methyl-2-oxo-pyridine-3-carboxamide (B6) and N-
cycloheptyl-2-((4-fluorobenzyl)oxy)-5-(4-methoxyphenyl)-6-
methylnicotinamide (C6). Compound B6 was prepared from com-
pound 6. The purification by flash chromatography on silica gel (8:2
petroleum ether/ethyl acetate) allowed also to obtain the O-
substituted pyridine-3-carboxamide derivative C6. B6: Yield 25%.
Mp: 163—166 °C. 'H NMR (CDCls, 400 MHz) 6: 9.79 (bd, 1H,
J = 7.6 Hz, NH), 8.50 (s, 1H, Ha4-Py), 7.14 (m, 4H, Ar—H), 7.04 (m, 2H,
Ar—H), 6.92 (m, 2H, Ar—H), 5.46 (s, 2H, PhCH,N), 4.14 (m, 1H, CHN),
3.83 (s, 3H, CH30), 2.30 (s, 3H, CH3-Py), 2.00 (m, 2H, CHj), 1.60 (m,
10H, 5 x CHy). 13C NMR (CDCl3,100 MHz) ¢: 162.81,162.57 (2 x C=
0), 162.30 (d, Jcr = 245 Hz, Ar-CF), 159.21 (Ar-CO), 147.48 (Cs-Py)
145.39 (C4-Py), 131.41 (d, Jcr = 3 Hz, Ar—C), 130.84 (2 x Ar-CH),
130.40 (Ar—C), 128.06 (d, J cr = 8 Hz, 2 x Ar-CH), 121.74 (C3-Py),
118.48 (Cs-Py), 116.11 (d, Jcr = 22 Hz, 2 x Ar-CH), 114.14 (2 x Ar-CH),
55.43 (CH30), 50.53 (PhCH;N), 47.90 (CHN), 35.07 (2 x CH2CHN),
28.26 (2 x CHp), 24.33 (2 x CHp), 18.69 (CH3-Py). HPLC analysis:
retention time = 15.03 min; peak area 99.50% (280 nm). C6: Yield
38%. '"H NMR (CDCls, 400 MHz) 6: 8.34 (s, 1H, H4-Py), 7.91 (bd, 1H,
NH), 7.48 (m, 2H, Ar—H), 7.23 (m, 2H, Ar—H), 7.11 (m, 2H, Ar—H),
6.93 (m, 2H, Ar—H), 5.49 (s, 2H, PhCH;0), 4.15 (m, 1H, CHN), 3.85 (s,
3H, CH30), 2.46 (s, 3H, CH3-Py), 1.85 (m, 2H, CH,), 1.52 (m, 10H,
5 x CHy). 3C NMR (CDCl3, 100 MHz) 6: 162.87 (d, JcF = 246 Hz, Ar-
CF), 162.66 (C=0), 158.94, 157.94156.37 (Ar-CO, Cg-Py, C»-Py),
142.92 (C4-Py), 13243 (d, ] ¢ = 4 Hz, Ar—C), 131.30 (Ar—C), 131.14
(2 x Ar-CH),130.76 (d, ] cr = 8 Hz, 2 x Ar-CH), 130.36 (C3-Py),115.66
(d,Jcr=22Hz,2 x Ar-CH), 113.83 (2 x Ar-CH),113.48 (C5-Py), 68.19
(PhCH,0), 55.31 (CH30), 49.94 (CHN), 34.71 (2 x CH,CHN), 28.29
(2 x CHy), 23.70 (2 x CH3), 23.10 (CH3-Py). HPLC analysis: retention
time = 17.52 min; peak area 98.21% (280 nm).

4.1.11.8. N-cycloheptyl-5-(4-fluorophenyl)-1-(4-fluorobenzyl)-6-
methyl-2-oxo-1,2-dihydropyridin-3-carboxamide (B7) and N-cyclo-
heptyl-5-(4-fluorophenyl)-6-methyl-2-((4-fluorobenzyl)oxi)-pyir-
idin-3-carboxamide (C7). Compound B7 was prepared from
compound 7. Purification by flash chromatography on silica gel (3:7
petroleum ether/ethyl acetate) allowed also to obtain the O-
substituted pyridine-3-carboxamide derivative C7. B7: Yield 50%.
Mp: 178—179 °C. 'H NMR (CDCls, 400 MHz) é: 9.75 (bd, 1H,
J = 8.0 Hz, NH), 8.47 (s, 1H, H4-Py), 712 (m, 8H, Ar—H), 5.46 (s, 2H,
PhCH,N), 4.15 (m, 1H, CHN), 2.28 (s, 3H, CH3-Py), 2.01 (m, 2H, CH5),
1.62 (m, 10H, 5 x CHa). 3C NMR (CDCls, 100 MHz) 6: 162.47, 162.43
(2 x €=0),162.26 (d, Jcr = 246 Hz, Ar-CF), 162.20 (d, Jcr = 245 Hz,
Ar-CF), 147.43 (Cg-Py),144.92 (C4-Py), 133.96 (d, Jcr = 3 Hz, Ar—C),
131.29(d, Jcr = 8 Hz, 2 x Ar-CH),131.14 (d, Jcr = 3 Hz, Ar—C), 127.96
(d, Jcr = 8 Hz, 2 x Ar-CH), 120.81 (C3-Py), 118.57 (C5-Py), 116.01 (d,
Jcp =22 Hz, 2 x Ar-CH), 115.65 (d, Jcg = 21 Hz, 2 x Ar-CH), 50.41
(PhCH3N), 47.77 (CHN), 34.92 (2 x CH,CHN), 28.11 (2 x CHj), 24.18
(2 x CHp), 1853 (CHsz-Py). HPLC analysis: retention
time = 15.70 min; peak area 97.87% (280 nm). C7: Yield 18% Mp:
137—139 °C. 'TH NMR (CDCl3, 400 MHz) 6: 8.34 (s, 1H, H4-Py), 7.91
(bd, 1H, J = 4.0 Hz, NH), 7.51 (m, 2H, Ar—H), 7.27 (m, 2H, Ar—H), 7.12
(m, 4H, Ar—H), 5.49 (s, 2H, PhCH,0), 4.15 (m, 1H, CHN), 2.45 (s, 3H,
CH3-Py), 1.84 (m, 2H, CH>), 1.48 (m, 10H, 5 x CH,). 3C NMR (CDCls,
100 MHz) ¢: (ppm) 162.83 (d, Jcr = 246 Hz, Ar-CF), 162.40 (C=0),
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162.16 (d, Jcr = 246 Hz, Ar-CF), 158.14, 156.23 (C,-Py, C6-Py), 142.88
(C4-Py), 134.89 (d, Jcr = 4 Hz, Ar—C), 132.25 (d, Jcr = 3 Hz, Ar—C),
130.81 (d, Jcr = 8 Hz, 2 x Ar-CH), 130.70 (d, Jcr = 8 Hz, 2 x Ar-CH),
130.40 (Cs-Py),115.64 (d, Jcr = 21 Hz, 2 x Ar-CH), 115.30 (d,
JcF = 22 Hz, 2 x Ar-CH), 113.55 (Cs-Py),68.21 (PhCH,0), 49.90
(CHN), 34.64 (2 x CH,CHN), 28.22 (2 x CHy), 23.63 (2 x CHy), 22.94
(CH3-Py). HPLC analysis: retention time = 20.90 min; peak area
97.56% (280 nm).

4.1.12. 5-Bromo-1-(4-fluorobenzyl)-6-methyl-2-oxo-N-(piperidin-
4-yl)-1,2-dihydropyridine-3-carboxamide (B8)

Compound B8 was prepared from compound 9 as described for
compound 2. The mixture was filtered to recover the compound
precipitated as solid from the organic layer. Once collected, the
yellow solid was treated with a solution of NaOH 10% and the with
H,O0 allowing the isolation of the pure final compound B8 as a white
solid. B8: Yield 58% Mp: 193—196 °C. 'TH NMR (CDCl3, 400 MHz) 6:
9.60 (bd, 1H,J = 8.0 Hz, NH), 8.65 (s, 1H, H4-Py), 7.06 (m, 4H, Ar—H),
5.42 (s, 2H, PhCH,N), 4.05 (m, 1H, CHN), 3.07, 2.73 (2 m, each 2H,
2 x CHyNH), 2.52 (s, 3H, CH3-Py), 1.99, 147 (2 m, each 2H,
2 x CH>CHN). 13C NMR (CDCl3, 100 MHz) 6: 162.47 (d, Jcf = 246 Hz,
Ar-CF), 162.16, 161.95 (2 x C=0), 148.69 (Cs-Py),146.75 (Cs-Py),
130.73 (d, Jcr = 3 Hz, Ar—C), 128.12 (d, Jcr = 8 Hz, 2 x Ar-CH), 119.95
(C3-Py),116.30 (d, J cr = 22 Hz, 2 x Ar-CH), 101.99 (Cs-Py), 48.85
(PhCH,N), 47.12 (CHN), 45.43 (CH,NH), 33.47 (CHCHN), 20.97
(CH3-Py). HPLC analysis: retention time = 21.13 min; peak area
99.24% (280 nm).

4.1.13. 5-Bromo-1-(4-fluorobenzyl)-6-methyl-2-oxo-N-
(((2R,3R4S,5R,6R)-3,4,5-trihydroxy-6-methoxy tetrahydro-2H-
pyran-2-yl)methyl)-1,2-dihydropyridine-3-carboxamide (B9)

Compound B9 was prepared from compound 13 as described for
compound 2 and it was purified by flash chromatography on silica
gel (9.5:0.5 ethyl acetate/methanol). B9: Yield 55%. Mp:
206—209 °C. 'H NMR (8:2 CD30D-CD3CN, 250.13 MHz) d: 8.53 (s,
1H, Hs-Py), 7.22 (m, 2H, Ar—H), 7.09 (m, 2H, Ar—H), 5.50 (s, 2H,
PhCH;N), 4.16 (d, 1H, J1, = 7.6 Hz, H-1), 3.82—3.73 (m, 2H, H-4, H-
6b), 3.68—3.51 (m, 2H, H-3, H-6a), 3.51 (s, 3H, OCH3), 3.50—3.46 (m,
2H, H-2, H-5), 2.60 (s, 3H, CH3-Py). 3C NMR (8:2 CD30D-CD5CN,
62.9 MHz) d: 165.12,163.08 (2 x C=0), 163.1 (d, Jc-r = 247.6 Hz, Ar-
CF), 152.08 (Cg-Py), 147.12 (C4-Py), 132.80 (d, Jc.r = 2.9 Hz, Ar—C),
129.56 (d, Jc-r = 8.1 Hz, 2 x Ar-CH), 119.54 (C3-Py), 116.61 (d, Jc-
F = 21.8 Hz, 2 x Ar-CH), 105.68 (C-1), 101.99 (Cs-Py), 74.60 (C-5),
74.13 (C-3), 72.26 (C-2), 70.34 (C-4), 57.21 (OMe), 49.68 (PhCH;N),
40.86 (C-6), 2133 (CHs3-Py). HPLC analysis: retention
time = 16.13 min; peak area 98.49% (280 nm).

4.1.14. N-((2R,3R4R,5S,6R)-3-acetamido-4,5-dihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2-yl)-5-bromo-1-(4-
fluorobenzyl)-6-methyl-2-oxo-1,2-dihydropyridine-3-carboxamide
(B10)

A solution of compound 15 (23.0 mg, 0.034 mmol) in MeOH
(0.34 mL) was treated with 7 N NH3/MeOH (0.34 mL), and the so-
lution was stirred at room temperature for 24 h. Then, the solution
was co-evaporated with toluene (4 x 10 mL) under reduced pres-
sure. The trituration of the crude product with Et,0 afforded B10 as
a yellow solid (170 mg, 0.031 mmol). B10: Yield: 92%. Mp
141-144 °C. "H NMR (9:1 CD30D-D;0, 250.13 MHz) 6: 8.52 (s, 1H,
Hs-Py), 7.23-7.05 (m, 4H, Ar—H), 5.58,5.43 (AB system, 2H,
Jap = 13.0 Hz, PhCH;N), 5.17 (d, 1H, J12 = 9.6 Hz, H-1), 3.90 (m, 2H,
H-2, H-6b), 3.72 (dd, 1H, Jeaep = 12.4 Hz, J562 = 2.3 Hz, H-6a),
3.51-3.31 (m, 3H, H-3, H-4, H-5), 2.58 (s, 3H, CH3-Py), 1.91 (s, 3H,
MeCON). 3C NMR (9:1 CD30D-D,0, 62.9 MHz) §: 174.27 (C=0),
166.01, 162.97 (2 x C=0), 163.54 (d, Jc.r = 248 Hz, Ar-CF), 153.29
(Ce-Py), 147.99 (C4-Py), 132.54 (Ar—C), 129.64 (d, Jcr = 8.1 Hz,
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2 x Ar-CH), 118.63 (C3-Py), 116.74 (d, Jc.r = 22 Hz, 2 x Ar-CH), 102.27
(Cs5-Py), 80.20 (C-1), 79.57 (C-5), 75.86 (C-3), 71.58 (C-4), 62.46 (C-
6), 55.89 (C-2), 49.78 (PhCH,N), 22.79 (MeCON), 21.43 (CHs-Py).
HPLC analysis: retention time 5.80 min; peak area 99.03%
(280 nm).

4.2. Biological assays

4.2.1. CBIR and CB2R binding assays

Receptor binding experiments were performed with membrane
preparations as previously reported [26]. Briefly, clean membranes
expressing hCB1 or hCB2 were re-suspended in binding buffer
(50 mM Tris-HCl, 2.5 mM EDTA, 5 mM MgCl,, 0.5% fatty acid-free
bovine serum albumin (BSA), pH 7.4) and incubated with vehicle
or compounds and 0.5 nM of [*H]CP55,940 for 90 min at 30 °C.
Non-specific binding was determined in the presence of 10 pM of
WIN55,512. After incubation, membranes were filtered through a
pre-soaked 96-well microplate bonded with GF/B filters under
vacuum and washed twelve times with 150 pL of ice-cold binding
buffer. The radioactivity was measured, and the results expressed
as [?H]CP55,940 binding.

4.2.2. [P°S|GTPyS assays for functional activity at CBIR and CB2R

Assays were performed as previously described [70]. Briefly,
hCB1- and hCB2-expressing membranes (10 pg) were diluted in
binding buffer (50 mM Tris-HCl, 3 mM MgCl,, 0.2 mM EDTA, and
100 mM NacCl at pH 7.4 plus 0.5% fatty acid-free BSA) in the pres-
ence of 10 pM of GDP and 0.1 nM of [>*>S]GTPyS. The mixture was
kept on ice until the binding reaction was started by adding the
vehicle or compounds at different concentrations. In case of
competition experiments, membranes were pre-incubated for
30 min with the antagonist. Non-specific binding was measured in
the presence of 10 pM of GTPyS. The tubes were incubated at 30 °C
for 90 min. The reaction was stopped by rapid filtration through a
96- well microplate bonded with GF/B filters previously pre-soaked
with washing buffer (50 mM of Tris-HCl pH 7.4 plus 0.1% fatty acid-
free BSA). The filters were washed six times with 180 puL of washing
buffer under vacuum. The radioactivity was measured, and the
results were expressed as [>°S]GTPyS binding.

4.2.3. FAAH and MAGL assays

FAAH and MAGL assays were performed in living U937 cells as
previously described [70]. Cells were diluted in culture medium to a
final density of 4 x 108/mL and 250 pL (10° cells) were used for each
condition. Compounds were added at the screening concentration
of 10 uM and incubated for 15 min at 37 °C under shacking. For hit
compounds (defined as enzymatic inhibition >50% at 10 pM),
complete concentration-dependent experiments were performed
to calculate ICsg values. After pre-incubation, cells were added with
1 uM of AEA containing 1 nM of [ethanolamine-1-3H]AEA or 10 uM
of 2-0G containing 5 nM of [glycerol- 1,2,3-3H]2-0G as a tracer and
incubated for 15 min at 37 °C under shacking. The reaction was
stopped by the addition of 500 pL of ice-cold CHCl3:MeOH (1:1),
samples were vortexed and rapidly centrifuged at 16000xg for
10 min at 4 °C. The aqueous phases were collected, and the radio-
activity was measured for tritium content by liquid scintillation
spectroscopy.

4.2.4. ABHDs assays

ABHDs activity assays were performed as previously described
[71]. Briefly, hABHD6 and hABHD12 activity was determined using
cell homogenates from hABHD6 and hABHD12 stably transfected
HEK293 cells. Compounds were pre-incubated with 40 pg of cell
homogenate for 30 min at 37 °C in assay buffer (Tris 1 mM, EDTA
10 mM plus 0.1% BSA, pH 7.6). DMSO was used as vehicle control

15

European Journal of Medicinal Chemistry 208 (2020) 112858

and WWL70 10 uM or THL 20 uM as positive controls. Then, 10 uM
of 2-0G was added and incubated for 5 min at 37 °C. The reaction
was stopped by the addition of 400 pL of ice-cold CHCl3:MeOH
(1:1). The samples were vortexed and centrifuged (16000xg,
10 min, 4 °C). Aliquots (200 pL) of the aqueous phase were assayed
for tritium content by liquid scintillation spectroscopy. Blank values
were recovered from tubes containing no enzyme. Basal 2-OG hy-
drolysis occurring in non-transfected HEK293 cells was subtracted.

4.3. Molecular modeling studies

Compound B2 was constructed with Maestro and subjected to
energy minimization in a water environment (employing the
Generalized-Born/surface-area model) by using Macromodel [72].
The minimization was performed until a convergence value of 0.05
kcal/(A-mol), using the conjugated gradient method, the MMFFs as
force field and a distance-dependent dielectric constant of 1.0. The
ligand was docked with AUTODOCK4.2 [73] into the X-ray structure
of human CB1R in complex with the agonist AM11542 (PDB code
5XRA) [74] and the recently deposited crystal structure of human
CB2R in complex with antagonist AM10257 (PDB code 5ZTY) [44],
which is the only human CB2R structure available at present. The
docking sites were defined by setting the bound ligands as the
center of a grid of 50, 60 and 50 points, respectively, in the X, y and z
directions. A grid spacing of 0.375 A and a distance-dependent
function of the dielectric constant were used for the energy map
calculations. The compound was subjected to 200 runs of the
AUTODOCK search using the Lamarckian genetic algorithm with
10'000’000 steps of energy evaluation; as previously described
[41]. The cluster analysis of the docking results was performed
using an RMS tolerance of 2.0 A. The best docking pose for each
docking study was considered and the corresponding ligand-
protein complex was subjected to energy minimization with
AMBER 16, as previously performed for CBR-ligand complexes [75].
The complexes were embedded into a phospholipid bilayer of POPC
molecules generated with VMD software [76], which was also used
to place the ligand-protein complexes inside the phospholipid
bilayer. The systems were solvated on both the “extracellular” and
“intracellular” side with a 12 A water cap included in a rectangular
parallelepiped water-box, using the TIP3P explicit solvent model.
Chlorine ions were then added for the neutralization of the sys-
tems. Three steps of energy minimization were performed, each
applying 1000 steps of steepest descent followed by 9000 steps of
conjugate gradient. In the first step the phospholipids and the
protein were kept fixed with a restraint of 100 kcal/(mol-A2), so
that only the water molecules were energy minimized. During the
second step the position restraint of 100 kcal/(mol-A?) was applied
only to the receptor, thus energy minimizing the surrounding
phospholipid-water environment. Finally, a third step was per-
formed by applying a harmonic potential of 10 kcal/(mol-A?) only
to the protein o carbons.

4.4. Pharmacological in vitro studies

4.4.1. Assessment of release of ILs from LPS-stimulated BV-2
microglial cell

Lipopolysaccharide (LPS) (Escherichia coli 0111:B4) was pur-
chased from Sigma -Aldrich (Milan, Italy). JWH133 and SR144528
were purchased from Tocris (Ellisville, MO). Stocks of these mate-
rials in dimethyl sulfoxide (DMSO) were kept at 4 °C and diluted
into cell culture medium just prior to experiments. Final DMSO
concentration in culture medium didn’t exceed 0.1%, a concentra-
tion, which did not show any significant effect on the investigated
parameters.

The BV-2 murine microglial cells were cultured at 37 °C in a
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humidified atmosphere of 95% air and 5% CO, in high glucose
Dulbecco’s modified Eagle’s medium (Corning, USA) supplemented
with 10% heat-inactivated fetal bovine serum, streptomycin (100 g/
ml), and penicillin (100 units/ml) (Sigma-Aldrich, Milan, Italy).

Microglial cells were treated with B2 (10 uM) for 30 min and
then stimulated with LPS (5 pg/ml). In the case of co-administration
of compounds with the CB2R antagonist (SR144528, 10 uM), this
latter was administered 15 min before agonists. After 4 h from LPS
stimulation, the cultured media were collected and spun down for
10 min at 1000x g, and the concentrations of interleukin (IL)-18, IL-
6, and IL-10 were determined by specific ELISA assays (MyBio-
Source, USA). All treatments and the LPS stimulation were per-
formed in FBS-free medium, because serum showed to interfere
with interleukin release (data not shown).

ELISA assay results were shown as mean =+ standard error (SEM)
of three independent experiments. Statistical analysis was per-
formed by commercial software (GraphPad Prism, version 6.0 from
GraphPad Software Inc., San Diego, CA, USA) using ordinary one-
way ANOVA followed by Bonferroni’s multiple comparison test. A
p value < 0.05 was considered statistically significant.

4.4.2. Assessment of the glutamate release

4-Aminopyridine (4-AP), arachidonyl-2’-chloroethylamide hy-
drate (ACEA) and SR144528 were from Tocris (Bristol, UK); SR
141416A was from Selleckchem (Munich, Germany). 4-AP was
dissolved in physiological medium. Stock solutions of the drugs
were prepared in dimethylsulfoxide and diluted at least 1: 1000 in
physiological medium; stock ACEA solution was 13.7 mM in oil and
then diluted to the final concentration in physiological medium;
dimethylsulfoxide diluted 1: 1000 had no effect on endogenous
glutamate release.

Animals were housed at the animal care facility of the University
of Genova, Department of Pharmacy (DIFAR), Italy, with constant
temperature (22 + 1 °C) and relative humidity (50%), and with 12 h
light on/off cycles. Food and water were freely available. Adult rats
(males, Sprague Dawley, 200—250 g) were used in accordance with
the principles and procedures outlined in the EU guidelines (2010/
63/EU), and with Italian Legislative Decree n. 26/2014 and were
approved by the Italian Ministry of Health (protocol number 30/11/
2016-OPBA of November 2016), in accordance with Ministerial
Decree 116/1992. All efforts were made to minimize the number of
animals used and their suffering.

After decapitation, the hippocampus was rapidly removed and
placed in ice-cold medium, and nerve terminals (purified synap-
tosomes) were prepared as reported previously [77,78]. In brief, the
tissue was homogenized in 0.32 M sucrose, buffered at pH 7.4 with
Tris-HCl. The homogenate was centrifuged at 1000 g (4 °C) for
5 min, and the supernatant was gently stratified on a discontinuous
Percoll gradient [2, 6,10, and 20% (v/v) in Tris-buffered sucrose] and
centrifuged at 33,500 g for 5 min. The layer between 10 and 20%
Percoll was collected and washed by centrifugation. A standard
HEPES medium was used to suspend the synaptosomes. Freshly
isolated synaptosomes have been characterized in labs of the
Pharmacological and Toxicological Section, DIFAR at the University
of Genova, confirming negligible contamination of purified syn-
aptosomes by astrocyte processes, microglia or oligodendrocytes
[79—-81].

The neurotransmitter release can be directly measured from
superfused synaptosomes in superfusion. This method allows a
precise pharmacological characterization of substances acting as
agonists or antagonists at the characterized receptor target [82,83].

Hippocampal synaptosomes were transferred to parallel
superfusion chambers at 37 °C and superfused (0.5 ml/min) with
standard medium. After 33-min superfusion, six superfusate frac-
tions (B1—B6) were collected in 3-min samples; after 38 min
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superfusion, synaptosomes were exposed (2 min) to the depola-
rizing agent 4-AP (600 uM) or to CBRs agonists (ACEA 10 uM; B2
1 uM and 10 uM), CB1R antagonist (SR 141416A, 1 uM and 3 uM) or
CB2 antagonist (SR144528 1 uM) to evaluate their effect in basal
condition. To evaluate the effect of the CB1 activation on the 4-AP-
evoked endogenous glutamate release the agonist ACEA (10 uM) or
B2 (1 puM and 10 uM) was added 8 min before the depolarizing
stimulus and maintained in presence of 4-AP. The effect of the CB1R
antagonist SR 141416A (1 pM) or CB2R antagonist SR144528 (1 uM)
was evaluated on the agonist responses by adding the compounds
8 min before 4-AP and maintained in presence of the depolarizing
stimulus. In each experiment, at least two chambers were used as a
control for each condition and were superfused with standard
medium or with medium appropriately modified. The endogenous
glutamate released in the collected sample was measured by HPLC
analysis (Waters Alliance, Milford, MA, USA) as previously
described [84,85]. The amount of endogenous glutamate released
in the fractions was expressed as pmol/mg protein. The drug (or
depolarization)-evoked glutamate efflux (overflow) was measured
by subtracting the estimated basal release in appropriate control
chambers from the total amount of glutamate released during
stimulation in drug-treated chambers (or in chambers supple-
mented with 4-AP). The data are expressed as mean + SEM of n
experiments. The statistical analysis was performed using the non-
parametric Mann-Whitney test to compare selected pairs of
columns.

4.5. Pharmacological in vivo studies

4.5.1. Assessment of antinociceptive activity on oxaliplatin-induced
neuropathic pain model

4.5.1.1. Oxaliplatin-induced neuropathic pain model. Male CD-1 al-
bino mice (Envigo, Varese, Italy) weighing approximately
22—-25 g at the beginning of the experimental procedure, were
used. Animals were housed in CeSAL (Centro Stabulazione Animali
da Laboratorio, University of Florence) and used at least 1 week
after their arrival. Ten mice were housed per cage (size 26 x 41 cm);
animals were fed a standard laboratory diet and tap water ad
libitum, and kept at 23 + 1 °C with a 12 h light/dark cycle, light at 7
a.m. All animal manipulations were carried out according to the
Directive 2010/63/EU of the European parliament and of the Eu-
ropean Union council (22 September 2010) on the protection of
animals used for scientific purposes. The ethical policy of the Uni-
versity of Florence complies with the Guide for the Care and Use of
Laboratory Animals of the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996; University of Florence assur-
ance number: A5278-01). Formal approval to conduct the experi-
ments described was obtained from the Animal Subjects Review
Board of the University of Florence. Experiments involving animals
have been reported according to ARRIVE guidelines [86]. All efforts
were made to minimize animal suffering and to reduce the number
of animals used.

Mice treated with oxaliplatin (2.4 mg kg~') were administered
i.p. on days 1—-2, 59, 12—14 (10 i.p. injections) [55,56,87]. Oxali-
platin was dissolved in 5% glucose solution. Control animals
received an equivalent volume of vehicle. Behavioral tests were
performed on day 15.

4.5.1.2. Cold plate test

The animals were placed in a stainless steel box
(12 cm x 20 cm x 10 cm) with a cold plate as floor. The temperature
of the cold plate was kept constant at 4 °C + 1 °C. Pain-related
behavior (licking of the hind paw) was observed and the time
(seconds) of the first sign was recorded. The cut-off time of the
latency of paw lifting or licking was set at 60 s.
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4.5.1.3. Compounds administration

B2 (5, 10, 20 and 50 mg kg~') was dissolved in 1% carboxy-
methylcellulose and orally administered. Measurements were
performed 15, 30, 45, 60 and 75 min after injection. Control mice
were treated with vehicle. The selective CB1R (SR141716A; Tocris
Bioscience, UK) and CB2R (SR144528; Tocris Bioscience, UK) an-
tagonists were dissolved in saline solution with 5% DMSO and 5%
Tween 20. Antagonists were administered i.p. 15 min before B2
(20 mg kg~! p.o.). The dosages of SR141716A and SR144528 were
according to previously published articles [88,89].

4.5.1.4. Statistical analysis

Behavioral measurements were performed on 16 mice for each
treatment carried out in 2 different experimental sets (8 animals for
single experimental session). Results were expressed as
mean + SEM. The analysis of variance of behavioral data was per-
formed by one way ANOVA, a Bonferroni’s significant difference
procedure was used as post-hoc comparison. P values of less than
0.05 or 0.01 were considered significant. Investigators were blind to
all experimental procedures. Data were analyzed using the “Origin
9” software (OriginLab, Northampton, USA).

4.5.2. Assessment of activity on EAE model of multiple sclerosis

Female C57BL/6 ] mice (7 weeks old; 15—18 g body weight) were
supplied by Jackson Laboratory and kept under standard environ-
mental conditions (24 + 2 °C; light—dark cycle of 12:12 h) with food
and water ad libitum. Mice were handled according Swiss federal
legislation and protocols were approved by the respective gov-
ernment authorities (Veterinaramt Kanton Bern).

After one week of habituation, active EAE was induced by sub-
cutaneous administration with 200 ug of myelin oligodendrocyte
glycoprotein peptide (MOG, aa35-55) emulsified with complete
Freund’s adjuvant containing 4 mg/ml of Mycobacterium tubercu-
losis, subcutaneous injections were done in both hips and tail root.
Mice were intraperitoneally administered with 300 ng of Bordetella
pertussis toxin in PBS, after immunization and 48 h later.

Each mouse was weighted and evaluated for the presence of any
clinical symptom by using a previously described scale [90]: O,
healthy; 0.5, limp tail; 1, hind legs paraparesis; 2, hind legs para-
plegia; and 3, hind legs paraplegia and incontinence. Daily treat-
ment (i.p., once a day) with 10 mg kg~! B2 or vehicle (DMSO, 20 pL)
started individually at the onset of the disease, which was observed
between day 10 and 16 after immunization, and lasted for 20 days.

4.5.3. [*>S|GTPyS assay in mouse brains

At the end of the EAE experiment (day 20 of treatment), mice
were sacrificed, brain collected and snap frozen. As previously
described [59], frozen half brains were homogenized in a glass
dounce homogenizer with 1.5 mL of ice-cold homogenization
buffer (50 mM Tris-HCl, 3 mM MgCl,, 1 mM EGTA, pH 7.4). Ho-
mogenates were centrifuged twice at 800xg for 10 min at 4 °C in
order to remove debris. The resulting supernatants were trans-
ferred in 2 mL plastic tubes and centrifuge at 16'000xg for
20 min at 4 °C. The harvest membranes were re-suspended in
50 mM Tris-HCl (pH 7.4) and passed through a clean syringe, son-
icated for 5 min on cold water bath, aliquoted and stored at —80 °C.
Protein determination was performed using the BCA assay ac-
cording to the manufacturer’s instructions. For the [3°S]GTPyS
assay, 20 ug of membrane preparation were pre-incubated in
binding buffer (50 mM Tris-HCl, 3 mM MgCl,, 0.2 mM EGTA,
100 mM Nadl, pH 7.4, supplemented with 0.5% BSA) for 30 min at
37 °C with 0.5 units/mL of adenosine deaminase, in the presence of
30 puM of GDP and 0.2 nM [>®S]GTPyS in a final volume of 200 pL.
The tubes were kept on ice until binding was initiated by adding
CP55,940 (1 uM), SR 141416A (1 uM), a combination of both ligands
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or vehicle (DMSO). Non-specific binding was measured in the
presence of GTPyS (10 uM). After incubation for 1 h at 30 °C, the
reaction was stopped by putting the tubes on ice. Aliquots of the
reaction mixture (185 pL) were transferred to filter GF/B glass-fiber
filter plates pre-soaked with ice cold 50 mM Tris-HCI plus 0.5% BSA
(washing buffer). The filters were washed three times with 200 pL
of washing buffer. After drying, radioactivity associated to the filters
was measured in a Microbeta Trilux counter by adding 45 pL of
liquid scintillation cocktail. Results were normalized subtracting
the non-specific [>°S]GTPyS bound to the membranes and
expressed as % of vehicle control.

4.5.4. Tetrad test

Compounds were dissolved in pure DMSO and administered i.p.
at the dose of 5 mg kg, in a final volume of 20 pL. B2, B5, B6 or
vehicle were administered 1 h before the test. Body temperature
was measured before (basal) and 1 h post injection with a ther-
mocouple probe 1-2 cm (Physitemp Instruments Inc., Clifton, New
Jersey, USA) and the change in rectal temperature was expressed as
the difference between basal and post injection temperatures.
Catalepsy-like behaviour was measured using the bar test, for
which mice were retained in an imposed position with forelimbs
resting on a bar 4 cm high, the end point of catalepsy-like behaviour
was considered when both front limbs were removed (cut-off time
of 120 s). Locomotion was determined using the rotarod test, for
which animals were previously trained to walk over a rotarod
(Erweka, Heusenstamm, Germany) at 4 rpm and for the test, the
latency to fall (cut-off time of 120 s) was measured. Catalepsy-like
behaviour and locomotion were measured by three trials. The hot
plate test was performed to evaluate analgesia, using a 54—56 °C
hot plate (Thermo Scientific, Waltham, Massachusetts, USA) with a
Plexiglas cylinder, the latency to show the first nociceptive
response (paw lick or foot shake) was measured.
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